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ABSTRACT
Examples of calcium-aluminumÈrich inclusions (CAIs) surrounded by thick chondrule mantles have
been found in chondritic meteorites and cast doubt on the conventional belief that CAIs and chondrules
possessed di†erent spacetime origins in the primitive solar nebula. We study speciÐc processes by which
such objects, and the more common ordinary CAIs and chondrules, might have formed by Ñare heating
of primitive rocks interior to the inner edge of a gaseous accretion disk that has been truncated by
magnetized funnel Ñow onto the central proto-Sun. Motivated by the appearance of the chains of
Herbig-Haro knots that deÐne collimated optical jets from many young stellar objects (YSOs), we adopt
the model of a Ñuctuating X-wind, where the inner edge of the solar nebula undergoes periodic radial
excursions on a timescale of D30 yr, perhaps in response to protosolar magnetic cycles. Flares induced
by the stressing of magnetic Ðelds threading both the star and the inner edge of the Ñuctuating disk melt
or partially melt solids in the transition zone between the base of the funnel Ñow and the reconnection
ring, and in the reconnection ring itself. The rock melts stick when they collide at low velocities. Surface
tension pulls the melt aggregate into a quasi-spherical core/mantle structure, where the core consists
mainly of refractories and the mantle mainly of moderate volatiles. Orbital drift of rocks past the inner
edge of the disk or infall of large objects from the funnel Ñow replaces the steady loss of material by the
plasma drag of the coronal gas that corotates with the stellar magnetosphere. In quasiÈsteady state,
agglomeration of molten or heat-softened rocks leads to a di†erential size-distribution in radius R pro-
portional to where yr is the drift time of an object of Ðducial radius L 4 1 cm and tR~3e~Lt@tLR, t
L
D 20
is the time since the last inward excursion of the base of the funnel Ñow and X-wind. Thus, during the
D30 yr interval between successive Ñushing of the reconnection ring, Ñash-heated and irradiated rocks
have a chance to grow to millimeter and centimeter sizes. The evaporation of the moderately volatile
mantles above large refractory cores, or the dissolving of small refractory cores inside thick ferromag-
nesian mantles before launch, plus extended heating in the X-wind produce the CAIs or chondrules that
end up at planetary distances in the parent bodies of chondritic meteorites.
Subject headings : meteors, meteoroids È solar system: formation È stars : formation
1. INTRODUCTION
The existence of chondritic meteorites has posed deep
puzzles for our understanding of the origin of the solar
system for 200 years (see the articles in the compendium
volumes edited by Kerridge & Matthews 1988 and Hewins,
Jones, & Scott 1996). For example, carbonaceous chon-
drites are believed to be among the most primitive meteor-
ites, whose constituent materials have been shaped by
processes in the solar nebula, perhaps with some alteration
by subsequent heating events or aqueous invasions on their
parent bodies in the asteroid belt. Yet these meteorites
contain three seemingly incompatible types of rocks : (1)
matrix, which is comprised in CI1, CM2, and CR2 chon-
drites, as well as in micrometeorites, of hydrated and
carbon-bearing minerals that have obviously never been
heated to more than a few hundred K (in other carbon-
aceous chondrites the matrix consists of Ðne-grained
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crypto-crystalline rocks that may either be chondrule frag-
ments or otherwise thermally processed material that
somehow was injected into the protosolar nebula) ; (2) chon-
drules, millimeter-sized balls of igneous rock, whose tex-
tures and content of moderate volatiles bear evidence for
their having been brought to melting temperatures (D2000
K) of solid iron-magnesium silicates for an hour or less
before being cooled below the Curie temperature (D600 K)
of their ferromagnetic crystals in an ambient magnetic Ðeld
of strength of 1È10 G; and (3) refractory inclusions, whose
shapes and textures vary from irregular, Ñu†y, type A, struc-
tures suggestive of gaseous condensates, to round, compact,
type B structures that may have derived from melts or
partial melts of calcium-aluminum-titanium oxides and sili-
cates that slowly cooled on a timescale of days.
The conundrum posed for astrophysics is that tem-
peratures high enough to melt rocks in free space at D2.5
AU distant from the central star are not supported by
modern astronomical observations at radio and infrared
wavelengths of the nebular disks surrounding present-day
young stellar objects (YSOs ; see Beckwith et al. 1990 ;
Sargent & Welch 1993 ; Chiang & Goldreich 1998 ;
DÏAlessio et al. 2000). The astronomical observations (and
theory) indicate that such disks are relatively cool and
quiescent, compatible with item (1) above, but not (2) or (3).
FU Orionis outbursts occurring at intervals of thousands of
years and lasting decades (e.g., Herbig 1977 ; Hartmann,
Kenyon, & Hartigan 1993) may be able to heat the inner
disk to temperatures high enough to vaporize rocks (Bell &
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Lin 1994), but the timescales are inappropriate for the for-
mation of CAIs and chondrules (Bell et al. 2000). Building
on earlier suggestions by Herbig (1977), Skinner (1990),
Li†man (1992), and Cameron (1995), Shu, Shang, & Lee
(1996) proposed a solution based on the idea that chondru-
les and CAIs originate much closer to the proto-Sun, D0.06
AU, and that they were lifted and thermally processed in the
X-wind before they were tossed to the distances of their
modern host bodies in the asteroid belt (and, perhaps, the
Kuiper belt). Figure 1 depicts a schematic drawing of the
situation.
The process is nontrivial, since up to 80% of the rock
mass of the planetary system may have originated as chon-
drules and CAIs. Moreover, the elemental segregation
entailed in the production of chondrules and CAIs may
o†er an explanation for the otherwise deeply troubling fact
that the chemical composition of the Earth and other ter-
restrial planets are not cosmic (compared to either the solar
photosphere or to CI chondrites, which are all matrix with
no CAIs or chondrules), not only in the paucity of their
volatiles (including hydrogen and noble gases) but in the
deÐciency of their moderate volatiles (Anders & Owen
1977).
The model developed by Shu et al. (1996) in the context of
the steady theory of magnetohydrodynamic X-winds (see
Najita & Shu 1994 ; Ostriker & Shu 1995) can provide a
plausible thermal environment for the generation of CAIs
as well as a natural mechanism for the aerodynamic size-
sorting and remnant magnetism of chondrules. Unfor-
tunately, this minimalist approach cannot account for the
brevity and apparent multiplicity of heating events required
to produce chondrules. Our original proposal also envis-
aged the separation of refractories and moderate volatiles
into chondrules and CAIs in terms of CAIs being formed as
the evaporative residues of cosmic mixes of ““ dustballs.ÏÏ
This proposal is vulnerable to two types of criticisms : (1) the
isotopic fractionation to be expected from Rayleigh distilla-
tion (J. T. Wasson 1996 and G. J. Wasserburg 1996, private
communications), and (2) the implausibility of the forma-
tion of ““ dustballs ÏÏ from low-velocity collisions of clean,
dry, bits of silicate rock (P. Goldreich 1996, private
communication).
Many of the criticisms directed at our original model are
blunted by the realization that stellar jets are not steady,
su†ering appreciable Ñuctuations on timescales of decades
and major eruptions on timescales of thousands of years
(e.g., Reipurth, Raga, & Heathcote 1993 ; Reipurth et al.
1997). The generation of protosolar Ñares in a Ñuctuating
X-wind model provides a natural timescale of tens of
minutes to a few hours for the multiple Ñash heating of
chondrules (Shu et al. 1997). By melting or softening the
rocky mantles of solids, the Ñares may also enhance the
sticking probability and enable the collisional growth of
compact rockballs of millimeter to centimeter size (see
below). As a bonus, the accompanying irradiation by solar
cosmic-ray particles yields a possible mechanism for under-
standing the presence of several short-lived radioactivities
inferred to have been present in CAIs when they solidiÐed
FIG. 1.ÈSchematic drawing of the X-wind model for the formation of CAIs and chondrules. On either side of a dead zone (the middle third of the
magnetic Ñux trapped by the X-region) the Ðeld lines bend sufficiently inward or outward to force electrically conducting gas in the X-region to be funneled
toward the star or to be expelled in an X-wind. The case shown assumes that an outÑow of hot plasma in a coronal wind from the star and disk has helped
magnetocentrifugal e†ects to open the Ðeld lines in the dead zone, but the dead zone Ðeld lines could also be closed, as are those below the helmet dome,
without much a†ecting the discussion of our model. (After Shu et al. 1997).
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(Lee et al. 1998). Invoking impulsive Ñares close to the
proto-Sun avoids many of the difficulties inherent to earlier
schemes that tried to irradiate early solar-system rocks by
gradual Ñares at the distance of the asteroid belt (Fowler,
Greenstein, & Hoyle 1961 ; Clayton, Dwek, & Woosley
1977 ; Feigelson 1982 ; Clayton & Jin 1995). (See Reames
1995 for an exposition of the di†erences between impulsive
and gradual solar Ñares.)
Unfortunately, the impulsive-Ñare bombardment sce-
nario has its own set of problems. The most serious one is a
discrepancy between the relative production of 26Al and
41Ca (see Lee et al. 1998). To resolve this issue, we conjec-
tured that the rocks irradiated by impulsive Ñares in the
reconnection ring had thick ferromagnesian mantles that
shielded their more refractory cores from overproducing
41Ca by the potent reaction 40Ca(3He, 2p)41Ca (see also
Shu et al. 1997 and Gounelle et al. 2000 ; hereafter Paper
II). At the time of this proposal, the suggestion that proto-
CAIs had thick, moderately volatile, mantles that evapo-
rated on heating by the nearby proto-Sun when they were
launched from deep inside the reconnection ring, appeared
ad hoc. Subsequent reports by Krot et al. (1999b) ; Maruy-
ama, Yurimoto, & Sueno (1998) ; and Russell & Kearsley
(1999) of refractory cores (CAIs) surrounded by ferromag-
nesian mantles (chondrules) in CH and CV chondrites
bolster the suggestion of self-shielding. The 26Al/27Al ratio
measured for these mantled CAIs is consistent with zero
(e.g., Krot et al. 1999a), supporting the notion that the
reason their chondrule mantles survived Ñight in the
X-wind, and those of normal CAIs did not, is that they
never entered deeply into the reconnection ring (from where
they would have been lifted by the X-wind and then strong-
ly heated), and therefore were never heavily bombarded
with irradiating particles (see the explanation in Lee et al.
1998 of why chondrules usually show low or zero 26Al/27Al
ratios). These Ðndings have a precedent in the work of Bis-
cho† & Keil (1984), who discovered the Ðrst, and still rare,
example of a mantled CAI in the H3 ordinary chondrite
Sharps (see also Misawa & Fujita 1994). The hibonite in the
Sharps CAI also showed no 26Mg excess that could be
associated with 26Al decay (Srinivasan & Bischo† 1998).
This paper represents a more detailed investigation of the
model proposed by Shu et al. (1997). The organization of
the rest of this paper is as follows. In ° 2 we consider the
ambient astrophysical environment in which the thermal
and mechanical processing of protoCAIs and protochon-
drules takes place. In particular, we study how drag from a
hot coronal plasma leads to di†erent rates of orbital decay
for bodies of di†erent sizes, and we explain why the action
of Ñares is likely to lead to rocks with a core/mantle struc-
ture, with refractories on the inside and moderate volatiles
on the outside. In ° 3 we evaluate the vaporization and
melting capabilities of observed hard X-ray Ñares in proto-
stars, and we consider how such processes lead to small
refractory solids (encased by complementary mantles) by
vapor-phase condensation of Ñare-evaporated material that
slips into the reconnection ring from the general accretion
Ñow, and how the melting of their moderately volatile
mantles can enhance their stickiness in low-velocity colli-
sions. In ° 4 we formulate and solve the coagulation equa-
tion for the consequent buildup of larger bodies relevant to
the physical conditions of the reconnection ring. The com-
bination of a low e†ective sticking probability and contin-
uous loss of small bodies to plasma drag conspires to
produce a fairly narrow range of core plus mantle sizes, in
contrast to other astrophysical environments. In particular,
processes in the reconnection ring (and transition region)
may presort protoCAI (and protochondrules) by size so as
to make later retrieval by the X-wind efficient. In ° 5 we
show that the ratio of volumes occupied by refractory core
and moderately volatile mantles may be variable from
object to object if we take into account the selective vapor-
ization of mantles relative to cores by the action of large
Ñares, and the subsequent vapor-phase deposition onto sur-
viving cores (locally or elsewhere in the reconnection ring).
We claim that the variability in refractory to moderate-
volatile ratio is the underlying cause for the production of
CAIs and chondrules when they are heated to di†erent peak
temperatures by Ñares and are ultimately Ñung to planetary
distances by the X-wind accompanied by more heating for
days by the direct rays of the proto-Sun. Finally, in ° 6 we
put the conclusions of our study into context with the con-
trasting views held by meteoriticists and astronomers con-
cerning the nature of the solar nebula that gave rise to the
planets of the solar system. The calculations of short-lived
radionuclides are presented in Paper II on the basis of the
physical picture presented in this paper.
2. ROCKS IN THE RECONNECTION RING
2.1. Overview of the Physical Problem
We develop our calculations within the framework of the
X-wind model of star formation (for a review, see Shu et al.
2000). In particular, we adopt the view that the irradiation
and much of the thermal processing of protoCAIs take
place in the reconnection ring (see Fig. 1). The transition
region between the X-region and the reconnection ring may
be more important for chondrule formation because of the
partial shielding by remnant disk gas, but the variable
density of the gas makes detailed modeling more difficult.
Thus, we shall focus initially on the cleaner situation of
protoCAIs in the reconnection ring. After we have gained
some quantitative understanding of this problem, we can
more easily speculate qualitatively on how protochondrules
form and evolve in the transition region.
In the X-wind model, the accretion disk is truncated by
the stellar magnetic Ðeld at a point x whose radius isR
xgiven in terms of the disk accretion rate the stellar massM0
D
,
and the stellar magnetic-dipole momentM
*
, k
*
:
R
x
\ '
dx
~4@7
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GM
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D
2
B1@7
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where is a pure number of order unity. The average'
dxdisk-accretion rate for the formation of a Sun-like starM0
Dis D2 ] 10~6 yr~1 during the embedded phase ofM
_stellar evolution (Shu, Adams, & Lizano 1987). Combined
with a typical YSO stellar-dipole moment Gk
*
D 2 ] 1037
cm3 and mass , we get or aboutM
*
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_
R
x
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_tion. The corresponding angular speed of the inner edge of
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x
\ (GM
*
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x
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The reconnection ring occupies the region from 0.75 R
xto where the magnetic Ðeld has reversed poloidal com-R
x
,
ponents across the midplane (Ostriker & Shu 1995). In this
zone, magnetic reconnection events similar to those
observed in the modern Sun produce impulsive Ñares,
which are efficient in accelerating coronal ions and elec-
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trons to cosmic-ray energies (see, e.g., Reames 1995). The
energetic electrons emit hard X-rays by the bremsstrahlung
process when they collide with ambient matter in the
system. The hard X-ray luminosity from YSOs, isL Xhard,measured by astronomical satellites, and can be scaled to
obtain the luminosity of cosmic-ray ions using the electron-
to-proton ratio in impulsive Ñares occurring on the modern
sun. Embedded protostars are the most likely evolutionary
phase of YSOs for the production of large CAIs and chon-
drules, but they are also the most e†ective in absorbing soft
X-rays. Tsuboi (1999) has summarized the results of the
ASCA satelliteÏs observations of protostars and Ðnds that
the probability of detecting a protostar is an order of mag-
nitude larger for hard X-rays (2È10 keV) than for soft X-rays
(0.7È2 keV). Steady and/or Ñaring hard X-rays were
detected in the 2È10 keV band in 22 of 59 observed protos-
tars at a S/N level greater than 5. The successfully detected
systems show a strong correlation with being viewed more
nearly pole-on, as indicated by the morphology of their
bipolar outÑows, a direction where there is a smaller
column of matter to absorb the X-rays (see also Sekimoto et
al. 1997). Koyama (1999) and Tsuboi (1999) adopt the point
of view that all protostars produce hard X-rays but only
those with the proper viewing geometry are easily detected,
at least for now.
At gas is magnetically funneled toward hot spots nearR
x
,
the polar regions of the central star. We follow Lee et al.
(1998) and assume that a fraction F of the solids carried
inwards by the accretion Ñow in the disk drifts or falls into
the reconnection ring rather than is carried into the proto-
Sun by the funnel Ñow. By deÐnition of the last streamline,
the Ñow thins as one approaches the edge of the funnel
closest to the star. The critical size of the largest solid body
dragged into the star rather than left behind in the recon-
nection ring is linearly proportional to the gas density of the
funnel Ñow. At the center of the funnel Ñow this critical size
is a few times larger then the 1 mm to 1 cm solids that can
later be Ñung out efficiently by the X-wind (because the
funnel Ñow is on average twice as strong as the X-wind).
Near the last D1% of the funnel Ñow, therefore, all particles
larger than D10~2 cm \ 100 km will be left behind
(dependent on the exact mass loading of Ðeld lines), and if
most of the mass of solids in the reconnection ring is in such
particles (see below), values of FD 1% are not implausible.
Because a mass fraction of cosmic matterX
r
\ 4 ] 10~3
is in elements refractory enough to make CAIs and chon-
drules, the average rock surface density that accumulates&
rduring time *t then equals where A\&
r
\FX
r
M0
D
*t/A,
cm2 is the area of the recon-n[R
x
2[ (0.75 R
x
)2]\ 1 ] 1024
nection ring. Lee et al. pointed out that F\ 0.01 corre-
sponds to a planetary systemÏs worth of rock ultimately
getting irradiated at a canonical level during the assemblage
of the sun (see also ° 5.5). With *t D 10 yr for the lifetime of
the typical protoCAI in the reconnection ring (see below),
we then get the value g cm~2, which we adopt as a&
r
D 1.6
Ðducial value in Paper II. A primary purpose of the present
paper is to provide another justiÐcation for the ad hoc
choice F\ 0.01 (see °° 4 and 5).
2.2. L oss of Solids by Plasma Drag
In addition to hard X-rays released by energetic Ñare
events, young Sun-like stars also have a component of soft
X-ray emission that is believed to be associated with
coronal gas trapped by large loops of closed stellar mag-
netic Ðeld lines (see Fig. 1). Skinner & Walter (1998) Ðnd
that 20% of the X-ray emission measured by ASCA for the
T Tauri star SU Aur comes from a plasma component with
temperature T D 8È9 ] 106 K and volume emission
measure cm~3. We assume that the stellar/ n
e
2 dVD 1053
coronae of SU Aur, which is the brightest X-ray source of
the classical T Tauri stars in Taurus Auriga, and Sun-like
protostars, which are too deeply embedded to have their
soft X-rays measured directly, are similar (Feigelson &
Montmerle 1999). (The Ñaring activity levels may di†er
because of an enhancement associated with increased disk
interaction.) Adopting a total emitting volume of VD 1036
cm3 for the soft X-rays, we estimate a rms coronal density
cm~3, with somewhat higher values ofSn
e
2T1@2D 3 ] 108 n
eat the base of the loops and somewhat lower values near R
x
.
Consider the implications for a ball of rock orbiting in a
reconnection ring that contains such a background of
coronal gas. When the mean free path in a plasma of density
o is much larger than the size R of a solid body, and when
the thermal speed of the plasma (D300 kmv
T
\ (kT /m)1@2
s~1 for protons at a temperature of T D 107 K) is larger
than the di†erence in the velocity of the body and the¿
velocity of the plasma V, the drag force on the body is given
by the Epstein formula (Whipple 1972) :
Fdrag \ [ConR2vT(¿[ V) , (2)
where C is a dimensionless coefficient of order unity.
In cylindrical coordinates (-, r, z) centered on the star
and with z\ 0 deÐning the midplane of the circumstellar
disk, we approximate the instantaneous orbit of the body as
a Keplerian circle with velocity where¿\ veü r,
v\ )
x
R
x
A-
R
x
B~1@2
. (3)
The motion of the plasma is taken as rigid rotation at the
angular speed of the stellar magnetic Ðeld lines to which the
plasma is tied,
)
*
B )
x
, where )
x
\
AGM
*
R
x
3
B1@2
(4)
is the Keplerian value at the inner edge of the disk. In other
words, the linear velocity of the plasma equals
V \ V eü r , with V \ )xRx
A-
R
x
B
. (5)
The drag force (2) is then exerted in the negative directioneü rfor (rocks inside the reconnection ring) ; thus, there-\R
xis a torque on the body that reduces its orbital angular
momentum and gradually shrinks its orbital radius -. If we
take the body to have internal density the angularo
r
,
momentum equation reads
o
r
4nR3
3
d
dt
(-v) \ [ConR2v
T
-(v[ V ) . (6)
Substituting in the expressions (3), (4), and (5) into equa-
tion (6) and introducing the dimensionless variable m 4
we obtain(-/R
x
)1@2,
dm
dt
\ [
A3Cov
T
4o
r
R
B
(m [ m4) . (7)
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This equation may be integrated under the initial condition
that when t \ 0 to obtainm \ m0¹ 1
t
q
\ K(m, m0)4
P
m
m0 o0 dm
o(m)m(1[ m3) , (8)
q4
4o
r
R
3Co0 vT
. (9)
In equation (8) we have assumed that the plasma density
has some arbitrary dimensionless radial proÐle witho(m)/o0,being some characteristic coronal plasma density.o0Because of the factor (1 [ m3)\ (1[ m)(m2] m ] 1) in the
denominator of the integrand, the integral K(m, ism0)logarithmically divergent for (i.e., the spiral-in timem0\ 1from is formally inÐnite).R
xIn a Ñuctuating model, however, half of the time will be
spent with interior to the radius where the stellar mag-R
xnetic Ðeld corotates with the local Keplerian speed. As a
surrogate for this e†ect, we take to be less than 1, andm0simplify by treating o(m) as a constant Equation (8) cano0.then be integrated analytically to yield
K(m, m0)\ ln
Cm0(1[ m3)1@3
m(1[ m03)1@3
D
. (10)
Choosing m2\ 0.75 as the inner extent of the reconnection
ring (Ostriker & Shu 1994), and to be roughly onem02\ 0.97vertical scale height inside the nominal position where the
disk corotates with the stellar magnetic Ðeld, we obtain
K(m, m0)\ 0.82 . (11)
Because of the slow logarithmic dependence of K on m and
our exact choices for the latter values are not verym0,important.
The expression (8) for t now becomes the spiral-in time *t
through the reconnection ring for any rock of size R. With
g cm~3 (in rough accord with our dis-Co0D 2 ] 10~16cussion of the coronal density near implied by the softR
xX-ray emission) and g cm~3, equation (8) now yieldso
r
D 3
*t \
AR
L
B
t
L
, (12)
where yr is the residence time of a rock sphere oft
L
D 20
radius L \ 1 cm, in agreement with the estimate of Shu et
al. (1997). Fluctuations with a duty cycle of a few decades
(as indicated by successive knots in YSO jet sources) there-
fore provide good opportunities for the retrieval of objects
with sizes comparable to a centimeter.
2.3. Magnetic Forces on Rocks in the Reconnection Ring
A solid particle of radius R embedded in a hydrogen
plasma of temperature T will try on average to acquire a
negative charge
q \ [2.51 kT R
e
, (13)
where k is BoltzmannÏs constant and [e is the charge of the
electron (Spitzer 1978). With T D 107 K, a solid body of any
radius R will charge to a negative potential of [qe/RD 2.3
keV. On the other hand, photoelectic emission of electrons
from grain surfaces by absorption of X-rays from the
ambient environment or of ultraviolet radiation from the
funnel-Ñow hot spot will competitively try to make grains
positively charged. The e†ective work function cannot
exceed the maximum energy of individual UV or X-ray
photons that are abundant enough to o†set the negative
charging of the plasma of density and we roughly esti-n
e
,
mate that grains in the near YSO environment cannot have
positive potentials in excess of D1 keV. In what follows we
assume the conservative case of a maximum (negative) elec-
tric charge given by equation (13).
The vertical gravitational force acting on a solid body of
mass is m)2z, with a typical z displacementm\ 4no
r
R3/3
being v/), where v is the characteristic random speed of the
body above the circular motion. The Lorentz force acting
on the body in the vertical direction has characteristic mag-
nitude qvB/c, where B is the strength of the magnetic Ðeld in
the reconnection ring, and c is the speed of light. Thus, the
ratio of vertical magnetic and gravitational forces is typi-
cally of order
qB
mc)
\ uB
)
, (14)
where qB/mc is the gyrofrequency frequency at which theu
Bcharged solid body precesses about the ambient magnetic
Ðeld.
The magnetic Ðeld B in the reconnection ring is typically
of order 10 G (before annihilation). For T D 107 K and
)D 10~5 s~1, we then have (L /R)2 whereu
B
/)D 6 ] 10~5
L 4 1 cm as before. Thus, magnetic forces are negligible for
the larger protoCAIs in the reconnection ring, but they can
a†ect the vertical structure of bodies of radii 100 km and
smaller. If we consider the motion in the tangential direc-
tion, magnetic torques could also hasten somewhat the
inward spiral of the smallest dust grains by plasma drag.
Since very little of the total rock mass in the reconnection
ring is contained in the smallest particles for our ultimate
self-consistent models (see below), we shall ignore the role of
magnetic forces on rocks in what follows. However, we note
in passing that such forces may pu† up the small particu-
lates in interesting ways similar to the electromagnetic
action which occurs in JupiterÏs rings (e.g., Hamilton,
Rauch, & Burns 1999). This phenomenon may therefore
have observational consequences that are related to the
detection of crystalline silicates appearing sporadically in
the infrared emission spectra of disks around young stellar
objects (Waelkens et al. 1999 ; Wooden, Harker, & Wood-
ward 1999).
2.4. Separation into Core/Mantle Structures
Repeated evaporations and recondensations, liquiÐca-
tions and resolidiÐcations, that follow many thousands of
Ñares, big and small, during the decades-long interval that
protoCAIs spend in the reconnection ring probably cause
them to acquire a stratiÐed radial structure, with a highly
refractory core at the center surrounded by a less refractory
mantle. The original separation of refractory core and mod-
erately volatile mantle might occur when both are molten
and behave as two immiscible liquids. In this regard, it is
interesting to note that the summary by Davis & MacPher-
son (1996) of the petrologic and isotopic evidence supports
the idea that types B1 and B2 CAIs, as well as some
compact type A CAIs, arise as melts of existing solids in the
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solar nebula, rather than as gaseous condensates, as is
believed to be true of ““ Ñu†y ÏÏ type A CAIs (MacPherson &
Grossman 1984).
Although we specialize our discussion to type B CAIs in
this article, it is actually not necessary for the refractory
core to be truly molten. Much of the thermodynamic argu-
mentation given below will work just as well if the core is a
solid, or an amalgamation of solids, as might be the case
with the formation of Ñu†y type A CAIs. What will be
important later is for the mantle to become molten during a
Ñare. Then in the matter of seconds that it takes a mantle to
melt, agglomerations of small protoCAIs, loosely stuck
together in the preÑare state by the collisional processes to
be described in ° 3, will merge under the action of surface-
tension to have a common mantle, with the separate small
refractory cores moving to the center of the conÐguration.
The assumption used below, that the refractory cores are
liquid rather than solid, is a simpliÐcation made mainly to
justify the adoption of spherical symmetry and scalar
surface-tension coefficients.
Consider two liquid phases r (for refractories) and v (for
moderate volatiles) shaped by surface tension to take the
form of one or more balls of rock. Three states come imme-
diately to mind as possible candidates for having the least
thermodynamic energy : (1) all of phase r in a core of radius
and all of phase v in a mantle of thickness (2) allR
r
R[R
r
,
of phase v in a core of radius and all of phase r in aR
vmantle of thickness or (3) each of phases r and v inR[R
v
,
two separate spheres of radii and respectively. ForR
r
R
v
,
simplicity, we assume that the densities of the two phases
are the same and equal to so that the given total mass iso
r
,
determined by R3, which implies that R3\ R
r
3] R
v
3.
Which of the three states, 1, 2, or 3, is the conÐguration
preferred to occur in nature?
The preferred states are found by minimizing a ther-
modynamic potential with respect to changes of area. The
internal energy E is not suitable here since it implies that the
volume and the entropy can be speciÐed (or kept constant).
The GibbsÏ thermodynamic potential G is more appropriate
because it depends on temperature T and pressure P.
Although equilibrium thermodynamics does not strictly
apply, we envisage a situation where the two liquids r and v
are kept molten by an external Ñare input of heat, with a
common temperature T maintained by conduction, that is
very nearly constant on the natural radiative cooling time-
scale (D1 s) of the problem. Local pressure equilibrium is
maintained by gas pressure responding to the external
gravitational Ðeld.
Under these assumed conditions, we wish to compare G1,and where the Gibbs free energies of the three statesG2, G3,are given by (see eqs. [139.7] and [139.8] of Landau &
Lifshitz 1958) :
G1\ 4nRr2Trv] 4nR2Tv , (15)
G2\ 4nRv2Trv ] 4nR2Tr , (16)
G3\ 4nRr2Tr] 4nRv2Tv , (17)
where is the interfacial surface-tension coefficientT
rvbetween refractory and semivolatile materials, and T with a
single subscript represents an ordinary surface-tension coef-
Ðcient (with gas). The terms that have the form N
r
k
rwhere and are the number of refractory and] N
v
k
v
, N
r
N
vvolatile atoms and and are the corresponding meank
r
k
v
chemical potentials, do not appear ; their e†ects are already
included in the calculation of the surface energy (Pitzer &
Brewer 1961).7
The equilibrium conditions that underlie the formulae
(15), (16), (17) will apply when there is a gas of rock with
vapor pressure in equilibrium at temperature T withP
v
(T )
the melt beyond the outer boundary. As long as peak rock
temperatures during a Ñare do not approach 1700 K, when
rises rapidly to 1 dyne cm~2 and higher for a typicalP
v
(T )
magnesium-iron silicate melt (Nagahara 1994), the evapo-
ration of some but not all of the moderately volatile
material in the reconnection ring can provide the required
vapor pressure to stabilize the mantle melt (see ° 3.1). Any
disequilibrium in the reconnection ring resulting from the
action of small Ñares is not nearly as severe as occurs upon
later launch in the X-wind (see the discussion following
eq. [10] of Shu et al. 1996), when heating by direct sunlight
for days may totally remove the mantle of moderate vola-
tiles. When liquid-vapor equilibrium can be assumed, the
three Ts are just functions of the common temperature T
(see eq. [139.2] of Landau & Lifshitz 1958).
The positive coefficient in equations (15) and (16) isT
rvthe interfacial surface tension associated with r and v being
in contact with each other. If were negative, one wouldT
rvrelease free energy by maximizing the surface of contact, i.e.,
r and v would not form one layered sphere but a miscible
solution of many indeÐnitely small and intermingling drop-
lets. The existence of mantled CAIs, where refractory cores
have remained distinct from chondrule mantles suggests
that is positive at the relatively low temperatures char-T
rvacterizing the solidiÐcation of r (T \ 1700 K). Conversely,
the lack of separation of r and v in chondrules, whose tex-
tures yield evidence of their having reached peak tem-
peratures in excess of those needed to form CAIs suggests
that is negative at high temperatures (T [ 2000 K).T
rv(For summaries of the intensity and duration of the heating
events that deÐned CAI and chondrule formation, see Davis
& MacPherson 1996, Connolly & Love 1998, and MacP-
herson & Huss 2000.) In other words, likening the situation
to a sugar solution in water, we suppose that r
““ precipitates ÏÏ out of a melt of v at low temperatures
for T \ 1700 K) ; whereas r dissolves in a melt of v(T
rv
[ 0
at high temperatures for T [ 2000 K). In ° 5,(T
rv
\ 0
7 As an alternative, A. Youdin (2000, private communication) has sug-
gested using the grand potential ()\ E[ T S [ kN \ [PV for a single
component), which does not require the conservation of particle number.
Thus, in minimizing ) one must add to the surface terms, the volume
contributions, where P and V , appropriately sub-[P
r
V
r
[ P
v
V
v
[ P
g
V
g
,
scripted, are the pressure and volume of the species r, v, and g (ambient
gas). In all three cases, 1, 2, 3, and have theV
r
\ 4nR
r
3/3, V
v
\ 4nR
v
3/3, V
gsame Ðxed values. In the presence of surface tension, however, the pressures
of two liquids r and v, or of a liquid r or v and a gas g, separated by a
spherical interface, are not equal, but have di†erent values. For a given
pressure of the common gas reservoir, these are speciÐed in cases 1, 2,P
gand 3 by andP
r
(1)[P
v
(1) \ 2T
rv
/R
r
P
v
(1) [P
g
\ 2T
v
/R ; P
v
(2)[ P
r
(2) \
and and2T
rv
/R
v
P
r
(2)[P
g
\ 2T
r
/R ; P
r
(3) [ P
g
\ 2T
r
/R
r
P
v
(3) [ P
g
\
(see Landau & Lifshitz 1958). Ignoring common additive terms2T
v
/R
vthat involve only g, we easily show that [P
r
(1) V
r
[ P
v
(1) V
v
\
[(2/3)[T
rv
4nR
r
2]T
v
4nR2] ; [P
r
(2) V
r
[ P
v
(2) V
v
\[(2/3)[T
rv
4nR
v
2
In other]T
r
4nR2] ; [P
r
(3) V
r
[ P
v
(3) V
v
\ [(2/3)[T
r
4nR
r
2]T
v
4nR
v
2].
words, the volume terms contribute additive corrections which are [23times what we wrote down in eqs. (15), (16), and (17) for G considering only
the surface terms. Thus the three expressions for and are just)1, )2, )3those written above for and except for a multiplicative factor ofG1, G2, G3The results of minimizing G and ) will then be the same, and the relative13.ratios expressed in eq. (18) apply independent of the choice of thermodyna-
mic potential.
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where we discuss protochondrule formation by the action of
Ñares in the transition zone between the X-region and
reconnection ring, we consider the case when T
rv
\ 0.
Here, where we discuss protoCAI formation in the recon-
nection ring proper, we restrict our attention to the case
T
rv
[ 0.
With and a little algebraR3 \R
r
3] R
v
3 R
v
3/R
r
3\Z,
shows that the free energies of the three states are in the
ratios
G1 :G2 :G3\Trv] (1]Z)2@3Tv : Z2@3Trv
] (1]Z)2@3T
r
: T
r
]Z2@3T
v
. (18)
Since and are all positive for the present dis-T
r
, T
v
, T
rvcussion, it is easy to show that and for all Z ifG1\G2 G3If this inequality did not hold, forT
r
[T
v
]T
rv
.
example, if were only equal to alone, then wouldT
r
T
v
G1be less than only if Z were greater than unity, i.e., refrac-G2tories would form the core and volatiles the mantle only for
protoCAIs having a greater volume (and mass) of volatiles
than refractories. On average, Z will equal the cosmic ratio
Z of moderate volatiles to refractories (in the model of
Paper II, Z\ 19.43), but Z will not necessarily exceed
unity in individual cases.
The surface tension T(T ) of any material starts at zero at
the temperature where it is a vapor and increases as T
decreases and the material condenses to a liquid and then a
solid. By deÐnition, refractories have higher gas conden-
sation temperatures than moderate volatiles at the pres-
sures we have in our problem; thus, is likely to beT
rgreater than throughout most of the range when r and vT
vare both molten. Will also be greater than the sumT
rWe have been unable to Ðnd published mea-T
v
]T
rv
?
surements relating to this question ; therefore, we make the
following prediction : W hen the surface tensions andT
r
, T
v
,
are measured near the solidiÐcation point of r, it will beT
rvfound that We suspect that the assertionT
r
[T
v
]T
rv
.
by Landau & LifshitzÏs (1958, p. 472) that surfaces always
adjust themselves by forming an adsorption Ðlm so as to
modify the Ts to satisfy appliesT
v
]T
rv
[T
r
[T
vonly to Ðlms of v on r that get so thin as to tend to form
beads (see the discussion surrounding Fig. 69 in Landau &
Lifshitz 1958), i.e., to form rims rather than mantles.
Given the assumption that it is an easyT
r
[T
v
]T
rv
,
matter to show that the free energy of a single core/mantle
conÐguration is lower than that of any amalgam of core/
mantle conÐgurations. It is obvious that the former mini-
mizes the contact surface area of the di†erent phases. Thus,
agglomerations of small protoCAIs will coalesce into a
larger entity (typically of millimeter or centimeter size) in
the beginning seconds of a Ñare, and we are justiÐed in
Paper II to assume that the vast bulk of the irradiation
during that Ñare occurs within the shielding paradigm of a
single refractory core/volatile mantle structure.
We close this section with the caveat that the schematic
treatment given here of refractory and moderately volatile
rock melts as two immiscible liquids is an oversimpliÐcation
that ignores many relevant details of mineral chemistry.
Also, as already speculated upon above, at high enough
temperatures, rocks of all types probably form miscible
solutions. In ° 5 we shall discuss how this property of rock
materials is likely to lead to the production of protochon-
drules in the transition zone between the X-region and the
reconnection ring.
3. VAPORIZATION, CONDENSATION, MELTING, AND
STICKING
3.1. Sizes of Flares that Evaporate or Melt ProtoCAIs
The positive surface-tension of rock melts relative to their
vapor phases assures us that the formation of ever larger
core/mantle structures is a thermodynamically favored
process. The actual sizes reached by protoCAIs in the
reconnection ring is, however, limited by the kinetics of
agglomeration. In this section, we set the stage for a calcu-
lation in ° 4 of the expected size distribution of protoCAIs
which coalesce under conditions applicable to the under-
lying astrophysical model.
We begin with refractories and moderate volatiles
brought into the reconnection ring either as balls of rock
infalling from the funnel Ñow or as solids drifting inwards
by gas drag from the X-region. We do not care what form
this matter takes because, sooner or later, the solids will be
hit with a large Ñare and put into the vapor phase, where
they mix thoroughly to give a homogeneous batch of start-
ing material for further condensation, agglomeration,
thermal processing, and irradiation.
We deÐne catastrophic Ñares in embedded YSOs to be
those which release ergs s~1 or more in hardL X D 1034X-rays for an hour or longer, where an hour is the rough
time that it takes coronal gas superheated to as much as 108
K (and emitting hard X-rays) to expand the width of the
reconnection ring 0.25 (See Grosso et al. 1997 for anR
x
.
especially powerful example of a large Ñare.) A comparable
power in cosmic-ray ions with energies above 1 MeV/
nucleon probably accompanies the Ñare explosion. If these
luminosities are spread over the area AD 1024 cm2 of the
reconnection ring, the incident energy Ñux on protoCAIs is
D2 ] 1010 ergs cm~2 s~1 or larger. The protoCAIs absorb
the X-rays and impacting particles, and within a few
seconds or so (if they radiate into free space), try to come
into radiative balance with the input, acquiring tem-
peratures T such that pT 4D 5 ] 109 ergs cm~2 s~1 or
larger, where p is the Stefan-Boltzmann constant. In other
words, the protoCAI tries to acquire a temperature in
excess of 3000 K, which is sufficient to vaporize even its
most refractory compounds. Indeed, from the radionuclide
evidence, we will deduce in Paper II that protoCAI material
experienced a total Ñuence of protons above 10 Mev equal
to D1 ] 1019 cm~2, or a total deposition of energy in
protons above 10 MeV roughly equal to 2 ] 1014 ergs
cm~2. Extrapolating to proton energies of 1 MeV yields
another factor of 10 or 100 depending on the procedure
used for the extrapolation (where observed cosmic-ray
spectra in the modern sun show some Ñattening). Incident
on a rock sphere of radius 1 cm, the energy deposition in
cosmic rays alone is then enough to melt and vaporize it
104È105 times during its residence in the reconnection ring.
(That is why, if even only 10~5 of the deposited energy gets
temporarily stored as 26Al, the radioactive energy release is
able later to melt once all the larger planetesimals that
made the planets of the solar system.)
Like the modern Sun, however, YSOs tend to release the
energy of stressed magnetic Ðelds mostly in many smaller
Ñares, say, ergs s~1 for a few hours every fewL X D 1031days, rather than in a limited number of catastrophically
large ones (Feigelson & Montmerle 1999 ; Tsuboi 1999 ;
Stelzer, & Hambaryan 2000). If the energies ofNeuha user,
these smaller but more typical Ñares are deposited in an
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area D10~2 that of the reconnection ring (assuming a
length to diameter ratio of Ñare loops similar to those seen
in the modern sun ; Golub et al. 1981), the smaller Ñares may
be able to melt the protoCAI partially or wholly, but not
vaporize the entire object, core plus mantle. Thus, in Paper
II we adopt the view that irradiation of protoCAIs occurs
mostly while they are completely assembled as cores and
mantles, although substantial mixing of the products of the
irradiation takes place when large events put appreciable
amounts of material into a vapor phase.
Although we speak of large and small Ñares as vaporizing
or melting events for convenience of discussion in this
paper, in reality any given Ñare may have both properties.
At the spatial center of the event, the energy densities may
be enough to evaporate rock ; at the periphery, only enough
to melt or soften the mantles. Except for the mildest events,
one can probably always Ðnd a zone where rock melts are
produced. By the same token, a given piece of rock may
locally experience high temperatures for a much briefer
interval than the total duration of a Ñare event as seen
globally by an outside observer.
3.2. Formation of Small Particulates by Gas Phase
Condensation
We suppose that refractories condense from rock vapor
created by large Ñares through the formation of small
molecular clusters. Once the clusters achieve a certain size,
we may treat them as classical condensation sites for the
collection of the remaining vapor. The rate of growth of the
initial refractory cores by vapor-phase deposition is then
governed by the well-known formula (see, e.g., Spitzer 1965),
dR
c
dt
D
3ov
T
4o
r
(19)
where o and are the volume density and thermal velocityv
Tof the vapor of refractories. In equation (19) we have
assumed that the surface of the refractory core has a unit
accommodation coefficient (or sticking probability) for
impinging refractory gas molecules when the surface has
cooled below the condensation temperature of the vapor.
The vertical scale height of the nonÈself-gravitating vapor
of refractories is given by where ) is the localH
c
D v
T
/),
orbital angular speed. Writing as the local&
c
D 2oH
csurface density of refractory rock, we obtain for equation
(19) :
dR
c
dt
D
3&
c
)
8o
r
. (20)
With g cm~2 if equals the Ðducial&
c
\&
r
/(1] Z)D 0.08 &
rvalue of 1.6 g cm~2, g cm~3, and )D 1 day~1, equa-o
r
D 3
tion (20) yields cm day~1. If it takes half adR
c
/dt D 10~2
day to condense out all of the refractories, we expect a
population of (smallest) refractory cores of radius RminD0.5] 10~2 cm D50 km to form by the process of vapor-
phase condensation after large Ñares. Fifty km is the
approximate size of the CAIs found in Antarctica micro-
meteorites (Greshake, Hoppe, & Bischo† 1996). With the
actual being time dependent (see Fig. 4 below), however,&
rwe expect the actual refractory cores to be smaller or larger
than this Ðducial size depending on whether they formed
early or late in the duty cycle of inner disk oscillations.
The small refractory cores will quickly be coated by a
mantle of moderate volatiles as these materials drop out
FIG. 2.ÈThe cross-section coefficient for the collision of smallerY2particles in the distribution with the largest particles of mass andM2radius as a function of the dimensionless quantity If evenR2 u24 L t/tLR2.the largest bodies are greatly a†ected by plasma drag in the available time
t, then distribution (33) contains a fairly narrow range of sizesu2? 1,concentrated at the largest body, and approaches the familiar kinetic-Y2theory value of 4 for identical particles. If the larger bodies are too massive
to be a†ected by plasma drag in the available time t, then distribution (33)
extends to a full R~3 power-law below and approaches the corre-R2, Y2sponding value of 7/3.
from the rock vapor onto the same condensation sites. This
vapor deposition will on average increase the masses and
radii of the smallest refractory cores by (1 ] Z)B 20 and
(1] Z)1@3 B 2.7. Unless such 100È200 km sized particles
quickly aggregate with each other, or merge with larger
bodies elsewhere in the reconnection ring, they will be lost
by plasma drag in a matter of months.
3.3. Sticking Probability S
Under favorable conditions, we may expect the survivors
of the Ðrst generation of solids formed by vapor-phase con-
densation to grow by coagulation, and to eventually
develop a (modiÐed) power-law distribution of radii R fam-
iliar in other contexts (see, e.g., Mathis, Rumpl, & Nor-
dsieck 1977 for the case of interstellar dust grains, and
Zebker, Marouf, & Tyler 1985 for the case of ice balls in
SaturnÏs rings). Unfortunately, quantitative calculation of
the agglomeration rate is uncertain for the usual reason :
lack of reliable knowledge about the sticking probability S.
Hard, dry, and compact pieces of rock of millimeter or
centimeter size are as unlikely to stick together when they
come into in contact at low velocities as are dry sand par-
ticles on a beach under similar circumstances. Although
laboratory experiments (e.g., Poppe, Blum, & Henning
2000) demonstrate that micron-sized rock particles can
stick to larger objects at low impact speeds (D a few m s~1)
and form fragile fractal structures, little evidence exists that
such behavior extends to millimeter- and centimeter-sized
bodies.
Before we proceed to the derivation of the governing
coagulation equations, we therefore estimate a minimum
value for S. If we accept the arguments of ° 3.2, at the very
least we expect particulate growth to occur during Ñares,
when molten mantles essentially guarantee coagulation.
Stelzer et al. (2000) have extracted all of the ROSAT PSPC
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observations of T Tauri stars in the Taurus-Auriga-Perseus
region, and Ðnd a Ñare frequency of 0.2 day~1. This may be
compared with a large-Ñare frequency in the active Sun of 1
day~1 (Haisch, Antunes, & Schmitt 1995). The statistics for
embedded protostars is poorer than for revealed T Tauri
stars, but the preliminary evidence appears as if Ñares with
luminosities D1031 ergs occur every few days and last for a
few hours, implying an active duty cycle of D4% (E. D.
Feigelson, T. Montmerle, & Y. Tsuboi 2000, private
communication). If the typical Ñare of peak luminosity 1031
ergs s~1 melts all the protoCAIs in the 1% of the area of
reconnection ring covered by its footprint, then averaged
over the reconnection ring and over time, S is at least
0.04] 0.01\ 4 ] 10~4.
We believe that compound chondrules (Rubin & Krot
1996) comprise good empirical evidence that primitive
rocks coalesced only when they were molten or partially
molten. If macroscopic bits of rock could stick while in a
hardened state, as is assumed in the standard picture of
planetesimal formation, then we should Ðnd in meteorites
aggregates of chondrules locked together, for example, by
intermeshed rims. To our knowledge, such conÐgurations
are much less common than compound chondrules that
merged partially but did not fully coalesce, because only
one partner was plastic or molten when the collision took
place. Thus, a study of the frequency of occurrence of com-
pound chondrules and their morphology may yield valu-
able hints on the sticking probability of partially molten or
plastic silicates.
4. SIZE DISTRIBUTION RESULTING FROM COAGULATION
AND PLASMA DRAG
4.1. General Properties of the Coagulation Equation
Suppose n(M, t) dM is the average number density of pro-
toCAIs in the reconnection ring at time t with mass between
M and M ] dM, and suppose that such bodies grow by
two-body agglomeration, at constant internal density o
r
.
The time rate of change of protoCAIs of mass M between a
lower limit and an upper one is given by the coagu-M1 M2lation equationALn
Lt
B
M
\P[D[ n(M, t)
*t(M)
] !d(M [ M1) , (21)
where is the rate at which bodies are injected!d(M [ M1)into the system (represented for simplicity as a delta func-
tion centered on the smallest mass andM1), *t(M) P RMPM1@3 is the time in equation (12) it takes to lose particles of
mass M from the reconnection ring by plasma drag. In
equation (21), P is the volumetric rate of producing bodies
of mass M through collisional coagulation of smaller
bodies,
P\ 12S
P
M1
M~M1
n(M [ m, t)n(m, t)
] wn(R
M~m] Rm)2 dm , (22)
where S is the average sticking probability (assumed for
simplicity to be a constant) ; w is the e†ective mean relative
velocity of approach of two protoCAIs with mass m and
M [ m ; and is the radius of mass m, withR
m
4 (3m/4no
r
)1@3
a similar expression for M [ m. The overall coefficient of
corrects for counting bodies less massive than M twice in12their contribution to building M. A similar expression
holds for the volumetric rate of destroying bodies of mass
M through collisional coagulation with any other body in
the local distribution :
D\ n(M, t)S
P
M1
M2~M`M1
n(m, t)wn(R
M
] R
m
)2 dm . (23)
Notice that we have chosen an upper limit in equation (23)
such that D\ 0 if i.e., there are no agglomerativeM \ M2,collisions that move bodies in the highest mass bin to yet
higher masses, by virtue of being deÐned as the largestM2mass. Equation (21) therefore holds for M1\ M \M2,with formally a constant (which we will allow eventuallyM1to be vanishingly small), and an increasing function ofM2(t)time t (beginning with the last Ñushing of the reconnection
ring by the inward encroachment of the X-region).
In principle, we should consider the spatially dependent
problem, where the smallest bodies appear at randomM1throughout the reconnection ring and follow their growth
by coagulation and drift in radial position - through
plasma drag. In practice, we cannot make much use of such
spatial information for the irradiation problem (even if we
could calculate it) since we do not know the spatial depen-
dence of Ñares in the reconnection ring. Thus, we average
over the entire volume of the reconnection ring, and treat
the injection and spatial drift as a simple delta-function gain
and volumetric loss : and [n/*t.!d(M [ M1)Notice that the collisional agglomeration terms only
redistribute the mass ; they cannot change the total amount
of mass in the system, i.e.P
M1
M2
M(P[D)dM \ 0 . (24)
To see this explicitly, multiply equation (22) by M and inte-
grate over all mass :P
M1
M2
MP dM \ 12S
P
0
=
M dM
P
0
=
n(M [ m)
]n(m, t)wn(R
M~m ] Rm)2 dm , (25)
where, to simplify the manipulations below we have allowed
the ranges of integration to run from 0 to O by deÐning
n(M, t) to be zero outside the range to Switch theM1 M2.order of integration for the double integral, and introduce a
new integration variable M@\ M [ m to obtainP
M1
M2
MP dM \ 12S
P
0
=
n(m, t)dm
P
0
=
(M@ ] m)
]n(M@, t)wn(R
M{
] R
m
)2 dM@ . (26)
The symmetry of the integrand allows us to see that, inde-
pendent of the functional form of n(M, t), equation (26) has
identically the same value as the integral that we get by
multiplying equation (23) by M and integrating over all MP
M1
M2
MD dM \ S
P
0
=
Mn(M, t)dM
]
P
0
=
n(m, t)wn(R
M
] R
m
)2 dm . (27)
Thus, equation (24) is a mathematical identity.
Let be the e†ective thickness of the rock layer. If we2H
rnow multiply equation (21) by M and integrate over all M
and the e†ective volume of the reconnection ring, we2H
r
A
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get
d
dt
(&
r
A)\ FX
r
M0
D
[ (2H
r
A)
P
M1
M2 Mn(M, t)
*t(M)
dM , (28)
where we have deÐned the total instantaneous rock mass in
the reconnection ring as
&
r
A\ 2H
r
A
P
M1
M2
Mn(M, t)dM , (29)
and we have identiÐed the total rate of adding rock mass to
the reconnection ring as
!M1(2Hr A)\ FXr M0 D . (30)
In what follows, we shall use equation (28) to compute the
variation of with time t.&
r
4.2. Velocity Distribution and Vertical Scale Height
The coagulation equation cannot be solved for the size
distribution unless we know the velocity distribution of the
rock spheres for each mass, which is needed to compute the
e†ective speed of approach w between masses m and M [ m
as well as the e†ective vertical thickness On the other2H
r
.
hand, the velocity distribution can be calculated from the
Boltzmann equation for inelastically colliding particles (e.g.,
Goldreich & Tremaine 1978 ; Borderies, Goldreich, & Tre-
maine 1982, 1984 ; Shu & Stewart 1985 ; Shu et al. 1985),
generalized to include the systematic e†ects of producing
di†erent drift velocities by plasma drag, only after we know
the size distribution. To create an entry to the complex
problem of calculating the coupled size and velocity dis-
tributions, we assume here the simplest possible properties
for the velocity distribution that still allow a reasonably
realistic assessment of the primary object of interest to this
article and Paper II, the size distribution of protoCAIs. We
leave the detailed calculation of self-consistent velocity dis-
tributions to future endeavors.
For the rest of this article, we adopt the assumption that
w is a constant, independent of the masses m and M [ m.
We also assume that the e†ective thickness used in the last
three equations is given by a nonÈself-gravitating layer of
rock of constant z-velocity dispersion w
z
:
2H
r
\ (2n)1@2 wz
)
, (31)
and that is given as a fraction a of w :w
z
w
z
\ aw . (32)
We anticipate that a is a number like a few tenths, and that
it (or, more precisely, S/a) is the only quantity that will enter
into our Ðnal formulae for the most interesting variables.
The point is that the agglomerative mass density Ñux
that enters sticking rates can be expressedS /
M1
M2 MnwdM
as independent of theS(&
r
/2H
r
)w\ (2n)~1@2()&
r
)(S/a),
numerical values of either w or (assuming that w is smallw
zenough so that molten rocks stick rather than splatter upon
colliding). Thus, holes in our knowledge of the velocity dis-
tribution and of the sticking probability can be compacted
into an uncertainty of a factor of a few in the value of S/a.
4.3. Asymptotic Solution for the Size Distribution
For many purposes, it is more convenient to describe the
protoCAI distribution as one in size rather than one in
mass. Let N(R, t) dR be the number of CAIs in the recon-
nection ring at time t with particle radii between R and
R] dR. In the Appendix, we show that a solution of the
coagulation equation, valid asymptotically in time, results
in a power-law distribution with an exponential truncation
(due to plasma drag) at the smallest sizes :
N(R, t) \ K(t)R~3e~Lt@tLR . (33)
The exponential dependence allows us to extend the dis-
tribution at the smallest end to without any practi-R1 ] 0cal repercussions. The normalization factor K(t) is then
given by a recovery of the total rock mass when weA&
r
(t)
multiply N(R, t) by the mass of a protoCAI ofo
r
(4nR3/3)
radius R and integrate over all R from 0 to R2(t) :
K \ 3AtL&r
4no
r
L tE2(u2)
, (34)
where and is the integral functionu2(t) 4 L t/tLR2 E2(u2)deÐned by equation (A22) of the Appendix.
4.4. T he L argest Bodies in the Size Distribution
The rate at which the largest bodies sweep up mass from
the rest of the rock population is given by simple kinetic
considerations as
dM2
dt
\ wSY2 nR22
A &
r
2H
r
B
, (35)
where is e†ective mass density of the solid bodies in&
r
/2H
rthe reconnection ring, and is the agglomerativeY2 nR22cross-sectional area, after factoring out the sticking prob-
ability S. If all the swept-up bodies have radii much smaller
than then would equal 1 ; whereas, if they all had theR2, Y2same size then elementary kinetic theory states thatR2,More generally, for a distribution of particles withY2\ 4.di†erent sizes, N(R, t), the mass-weighted cross section has
a value,
Y2 nR22\
/0R2 R3N(R, t)n(R2] R)2 dR
/0R2 R3N(R, t)dR
\ nR22
/0R2 (1] R/R2)2e~Lt@tLR dR
/0R2 e~Lt@tLR dR
, (36)
when N(R, t) is given by equation (33). Transforming to
we getu \ L t/t
L
R,
Y2(u2) \
/
u2
= (1] u2/u)2e~udu/u2
/
u2
= e~udu/u2
\ 1 ] 2u2E3(u2) ] u22E4(u2)
E2(u2)
. (37)
Figure 2 shows that is a monotonic function ofY2(u2) u2,increasing from a value of 7/3 for to a value of 4u2\ 0 ]for The value 4 is characteristic of times where theu2] O.exponential factor in equation (A17) suppresses most of the
small particles, and all have about the same radius 7/3R2 ;is characteristic of the full R~3 power law.
If we now write andM2\ 4nor R23/3 2Hr \ (2n)1@2aw/),equation (35) becomes
dR2
dt
\ SY2(u2))&r
4(2n)1@2ao
r
, (38)
which is the solid-body accumulation analogue to equation
(20). We substitute the expression from equa-R2\ L t/tL u2
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FIG. 3a FIG. 3b
FIG. 3.È(a) Variation of the dimensionless inverse of the largest size, as a function of the dimensionless time where is given byu24 L t/tLR2, q4 lS t, lSeq. (44), for three di†erent initial 1, and 10 at q\ 0.01. Notice the asymptotic convergence of all three curves when the time becomes longconditions :u2\ 0.1,enough so that the largest particles are no longer a†ected by plasma drag. (b) The variation of the dimensionless rock surface-density, as deÐned by eq.p
r
,
(42), for the three di†erent initial conditions of Fig. 3a : 1, and 10 (dotted, solid, and dashed-dotted curves, respectively) at q\ 0.01. At small times, theu2\ 0.1,rock surface-density is assumed to be balanced between gains via drift from the X-region or infall from the funnel Ñow, and losses via plasma drag. Thus, the
surface densities are higher when the system starts with bigger initial particles (smaller values of at small q). At large times, the di†erent curves foru2 prconverge and grow linearly with time. This occurs after the largest particles, which contain the dominant portion of the mass in the distribution, become too
big to be lost to plasma drag.
tion (A21) and obtain an ordinary di†erential equation
(ODE) for u2(t) :
du2
dt
\ u2
t
[ Su22Y2(u2))tL&r
4(2n)1@2ao
r
L t
, (39)
which can be integrated once we know as a function of t.&
rWe now turn our attention to this problem.
4.5. T he T ime Dependence of the Macroscopic Variables
The governing equation for obtaining the time depen-
dence of is equation (28). On applying the transformation&
rbetween n(M, t) and N(R, t) (following eq. [A17]), it may
be written in the form:
d&
r
dt
\ FXr M0 D
A
[ K
A
4no
r
3
P
R1
R2 e~Lt@tLR
t
L
R/L
dR . (40)
Making our standard transformation and usingu \ L t/t
L
R
equation (34) to replace the factor in front of the integral, we
get
d&
r
dt
\ FXr M0 D
A
[
CE1(u2)
E2(u2)
D &
r
t
, (41)
which is an ODE for once we know&
r
u2(t).We nondimensionalize the governing equations by deÐn-
ing a dimensionless surface density and time variable q :p
r
p
r
4
&
r
Al
S
FX
r
M0
D
, (42)
q4 l
S
t , (43)
where is a characteristic sticking collision frequency :l
S
l
S
4 S)
C t
L
FX
r
M0
D
4(2n)1@2aAL o
r
D
. (44)
As written in equation (44), is the product of the orbitall
Sfrequency ), corrected by the sticking probability S, and a
factor that represents the rock mass accumulated in a char-
acteristic drift time if it is introduced at a ratet
L
, FX
r
M0
D
,
divided by the hypothetical mass that a volume 4(2n)1@2aAL
would have if it were packed solidly with rock at internal
density o
r
.
Substituting the deÐnitions (42) and (43) into equations
(39) and (41), we obtain coupled ODEs for the inverse
maximum size and the reduced surface density,
du2
dq
\ u2
q
[ u22Y2(u2)
p
r
q
, (45)
dp
r
dq
\ 1 [
CE1(u2)
E2(u2)
D p
r
q
. (46)
4.6. Initial Conditions and QuasiÈSteady State
The solution of equations (45) and (46) requires specifying
initial conditions. At early times, q> 1, we suppose that a
quasi-steady near-balance applies to the two terms on the
right-hand side of equation (46),
p
r
B
CE2(u2)
E1(u2)
D
q . (47)
Equation (45) then assumes the approximate form:
du2
dq
B
u2
q
[ u22Y2(u2)
E2(u2)
E1(u2)
. (48)
For discussion purposes only, we further assume that isu2large when q is small. The quasi-steady equations (47) and
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(48) then have the rough simpliÐcations,
p
r
D
q
u2
; (49)
du2
dq
D
u2
q
[ 4u2 . (50)
The last ODE has the general solution
u2D "qe~4q , (51)
where " is a large integration constant.
At q\ 0, the rough solution (51) formally violates the
assumption that is large. Nevertheless, it is a physicallyu2acceptable solution since it implies a largest protoCAI size
that is still >L for small q, as long asR2\ (L /"lS tL)e4qIn the numerical integration of equations (45)"l
S
t
L
? 1.
and (46) to be displayed below, we choose "D 100 and start
at q\ 0.01. More precisely, to correct for the fact that u2
begins of order unity rather than inÐnity, we use the deÐnite
starting conditions,
u2\ U0 and pr \ 0.01
E2(U0)
E1(U0)
at q\ 0.01 , (52)
where we expect to be of order unity in realistic circum-U0stances. These are the initial conditions that we use in the
integration of the two unapproximated equations (45) and
(46).
4.7. Numerical Results and Examples
Figures 3a and 3b display the results for and foru2(q) pr(q)three cases : (dotted curves), (solid curves),U0\ 0.1 U0\ 1and (dashed-dotted curves). Notice the initial linearU0\ 10rise of with small q and the Ñattening to a maximum atu2predicted by equation (51). Past their maxima, allqD 14three cases converge reasonably rapidly to the same behav-
ior for large q. This convergence arises because, for large q,
FIG. 4a FIG. 4b
FIG. 4c
FIG. 4.È(a) Time dependence of the dimensional rock surface-density when we assume the values for the relevant parameters speciÐed in the text. (b)&
rThe time dependence of the largest radius of a protoCAI when we assume the values for the relevant parameters speciÐed in the text. (c) The evolution ofR2the size distribution N(R, t), multiplied by R to make it dimensionless and more suitable for relative comparison, as a function of the radius R of a protoCAI
and the time t since the last Ñushing of the reconnection ring. The parameters of the problem are chosen to have the same values as in the solid curves of Figs.
4a and 4b.
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equations (46) and (45) have the asymptotic approx-
imations :
dp
r
dq
] 1 , (53)
du2
dq
]
u2
q
[ 7
3
u22 , (54)
which have the solutions and At largep
r
] q u2] (6/7)q~1.times, therefore, and because pro-R2\ L t/tL u2P t2 &rP t,toCAIs get so large that they become immune to plasma
drag and grow to a size proportional to t times the surface
density, which itself accumulates directly with time from the
steady supply rate In practice, with a duty cycleFX
r
M0
D
/A.
for inner disk oscillations only somewhat longer than l
S
~1,
we are more interested in q of order 1È3 rather than q? 1,
and the asymptotic convergence of the solutions is incom-
plete.
Figures 4a and 4b show the resulting dimensional solu-
tions for and for the three initial condition&
r
(t) R2(t), U0\0.1, 1, 10 and input parameters with the Ðducial values :
F\ 0.01, g cm~3,X
r
\ 4 ] 10~3, o
r
\ 3 M0
D
\ 2 ] 10~6
yr~1, A\ 1 ] 1024 cm2, )\ 1 day~1, L \ 1 cm, andM
_ yr. We also choose a dimensional scaling of the timet
L
\ 20
axis by adopting yr for S/(2n)1@2a \ 8 ] 10~4. Wel
S
~1\ 13
do not know the combination S/a well enough to insist on
the last value as being deÐnitive ; the reader may substitute
other guesses for S/a by simply readjusting the appropriate
timescale in Figures 4aÈ4c, making the passage of time
larger if S/a is smaller.
For the above choice of input parameters and the initial
condition Figure 4c with shows that theU0\ 1, U0\ 1dimensionless population RN(R, t) of protoCAIs in the
reconnection ring starts o† at t \ 0.13 yr with a fairly broad
distribution of sizes D1È100 km (10~4 to 10~2 cm), with the
smallest particles being relatively rare in a statistical sense
[RN(R, t)D 104], and the largest being the most common
[RN(R, t)D 1028]. Within 1.3 yr, most of the already rare,
smaller particles are lost to plasma drag, and the distribu-
tion narrows down to one consisting almost exclusively of
D100 km particles. Through agglomerative collisions, this
narrow distribution builds up slowly over the next few
decades, until at t \ 30 yr, the population of protoCAIs
again contains a modest range of sizes, from less than 1 mm
to greater than 1 cm. At this time, the rock surface density
in the reconnection ring approximately equals the Ðdu-&
rcial value 1.6 g cm~2 cited in ° 2.1 and Paper II. The ability
of the system to regrow a very wide, quasiÈpower-law dis-
tribution, N(R, t) P R~3, requires a thousand years or
more of uninterrupted coagulation, an amount of time that
is not available to YSOs with duty cycles of inner-disk oscil-
lation of a few decades.
5. THE PRODUCTION OF CAIs AND CHONDRULES
5.1. Variable Ratios of Cores and Mantles
The results presented above (case A) implicitly assumed
that the relative volumes occupied by core and mantle, for a
given overall size R, is cosmic. The reason is that we
invoked large evaporative Ñares only to give us a source
population of smallest bodies of mass which have, byM1,deÐnition, a cosmic ratio for 1 ]Z4R3/R
c
3\ 1 ] Z,
where ZB 20. In our simpliÐed model, smaller Ñares are
assumed to a†ect only the sticking probability S. Given a
value for S, protoCAIs experience only pure coalescence or
plasma drag loss. Agglomeration of the basic units andM1their progeny is a mixing process that preserves the condi-
tion Z\ Z. Plasma drag does not distinguish between ref-
ractories and moderate volatiles.
The additional e†ect that we wish to consider in this
subsection is the selective vaporization of mantles by large
Ñares, followed by vapor-phase deposition of mantles onto
preexisting cores. As we shall see, such deposition tends to
produce mantles of uniform thickness *R. In such a situ-
ation, core/mantle ratios are not cosmic, i.e., 1]Z\
cannot generally equal 1] Z, independent(R
c
] *R)3/R
c
3
of if *R\ constant. We refer to the two possibleR
c
,
extreme outcomes : Z\ constant \ Z and *R\ constant,
as, case A and case B, respectively.
Imagine that a large Ñare vaporizes the entire mantle
mass in a localized region of the reconnection ring. With a
surface density of mantle rock g cm~2, the&
m
D &
r
D 1.6
volume density of rock vapor would locally exceed 10~12 g
cm~3 if the (partially ionized) vapor were to spread a dis-
tance along magnetic Ðeld lines less than the 1012 cm that
characterizes the extent of the whole magnetosphere. This
density is in rough agreement with the electron densities
1011È1012 cm~3 used to explain the Ñare characteristics of
protostars by scaling such events to the modern sun but
using loop lengths that are characteristic of the X-wind
model (Feigelson & Montmerle 1999). Hot rock plasma
with such high densities has a very short radiative cooling
time (mostly in spectral lines) and would recondense out as
solids in less than one day. Developing radiation diagnos-
tics for the cooling rock vapor in large YSO Ñare events is
an intriguing astronomical prospect. We are thus heartened
to learn that the only circumstance under which a calcium
X-ray line has ever been observed astrophysically is during
a very large Ñare event involving a protostar (Hamaguchi,
Tsuboi, & Koyama 2000). In contrast, iron X-ray lines are
commonly detected during ordinary Ñare events. This set of
circumstances is consistent with our hypothesis that vapor-
izing moderately volatile mantles is a more frequent
occurrence than vaporizing refractory cores.
The rate of vapor-phase deposition onto preexisting rock
of instantaneous radius R is given by the analog to equation
(20) :
dR
dt
D
3&
m
)
8o
r
, (55)
where is the local surface density of mantle material.&
mNotice that the growth rate (55) applies to protoCAIs of any
instantaneous radius R. With g cm~2, g&
m
D 1.6 o
r
D 3
cm~2, )D 1 day~1, equation (55) yields dR/dt D 0.2 cm
d~1. Thus, a ball of rock under these conditions can
increase its radius 2 mm per day by condensation from
vapor in the reconnection ring.
Our numerical estimate of dR/dt for mantles does not
take into account the depletion of the rock-vapor reservoir
which supplies the material for the growth of mantles. Once
the reservoir is empty, mantle growth stops. Since all
mantles ideally start growing at the same instant when con-
ditions drop below the condensation temperatures of mod-
erate volatiles, and since the right-hand side of equation (55)
does not depend on the value of R itself, mantles atop ref-
ractory cores of all sizes in extreme case B tend toR
cacquire the same thicknesses *R, as suggested earlier.
10−2 10−1 100
0
0.5
1
1.5
tLRc/Lt, tLR/Lt
N
c
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c
,t)(Lt/tL)
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Mantles a few millimeters thick on all refractory cores are
clearly inconsistent with the idea that the distribution of
protoCAIs, core plus mantle, extends down to smallest sizes
of order 100 km or smaller. In order to obtain a rationalR1calculation with a minimal number of additional assump-
tions, we assume that N(R, t) with for case BR\R
c
] *R
has the same distribution as for case A, namely, that given
by equation (33), except that the distribution in case B
extends only down to an e†ectively smallest radius, Rsm,deÐned by the peak of the distribution N(R, t) P
It is a simple exercise to calculate that isR~3e~Lt@tL R. Rsmgiven by
Rsm \
L t
3t
L
. (56)
We now invoke the rule, ““ one refractory core per proto-
CAI,ÏÏ for whose justiÐcation we appeal to the discussion in
° 2.3. It is then reasonable to associate the smallest total
radius for mantle plus core with the refrac-Rsm \ Rc ] *Rtory condensation nucleus being so small as to be negli-R
cgible. This allows us to identify
*R\ Rsm \ L t/3tL . (57)
To compute the self-consistent value of we perform aR2,simple mass balance for the entire e†ective population,
assuming again that core and mantle densities have the
same value and that the size distribution of cores pluso
rmantles is given by equation (33). Writing andR\ L t/t
L
u
we obtainR
c
\R [ *R\ (L t/t
L
u)(1 [ u/3),
1 ] Z\ /RsmR2 R3N(R, t)dR
/
Rsm
R2 R
c
3N(R, t)dR\
/
u2
3 e~u du/u2
/
u2
3 (1[ u/3)3e~u du /u2 .
(58)
where With deÐned as in equation (A22),u 4 L t/t
L
R. E
p
(U)
equation (58) can be written
(1] Z)M[(u2] 1)e~u2 [ 4e~3]
[9(e~u2 [ e~3)] 27[E1(u2)[E1(3)]N
[27Z[E2(u2)[E2(3)]\ 0 . (59)
With the recursion relation, weE2(U)\ U~1e~U[E1(U),may write the net transcendental equation asC
u2[ 8 ] (u22[ 8u2[ 27)
Z
u2
D
e~u2 ] (5] 14Z)e~3
]27(1] 2Z)[E1(u2)[E1(3)]\ 0 . (60)
The root for is unique : for Z\ 19.43 (the case con-u2\ 3sidered in Paper II), u2\ 1.584.Unlike case A, where the quantity inu2(t) R2\ L t/tL u2(t)depends on time as well as on the various input parameters
of the problem (see Fig. 5), case B has a unique coefficient :
for Z\ 19.43. When refractoryR2\ (3/u2) Rsm \ 1.9Rsmcores are all coated with constant thickness mantles of mod-
erate volatiles, the largest protoCAI is barely twice as large
as the smallest ! The frequent removal of mantles by large
Ñares limits the growth of the largest protoCAIs to a
modest multiple of the smallest e†ective protoCAIs because
there is only so much mantle material to be spread at con-
stant thickness over the entire distribution. Conversely,
because vapor-phase condensation onto preexisting bodies
occurs quickly compared to losses by plasma drag, we may
say that the rapid redeposition of relatively thick mantles
even onto the smallest refractory cores saves them from
FIG. 5.ÈDimensionless forms of the size distributions for protoCAIs
(solid curve) and their refractory cores (dashed curve) when we make the
assumptions of case B. In case B mantles are assumed to be periodically
evaporated completely by large Ñares and redeposited onto preexisting
(and continually agglomerating) cores at a uniform thickness obtained by
using up all the cosmically available moderate volatiles appropriate for the
distribution of refractory cores.
being lost, and prevents the protoCAI size distribution from
extending to the exponentially small ““ tail ÏÏ of the number
distribution that we had to deal with in case A.
The distribution of core sizes in case B, computed from
the rule, ““ one core per protoCAI,ÏÏ is given by
i.e., byN
c
(R
c
, t)dR
c
\N(R, t)dR,
N
c
(R
c
, t) \ K
B
(t)(R
c
] *R)~3e~Lt@tL(Rc`*R) . (61)
The normalization constant can be worked out byK
B
(t)
using equation (A19) when we substitute for the bottomRsmlimit R1 :
K
B
(t) \ 3&r AtL
4no
r
L t[E2(u2) [E2(3)]
. (62)
Figure 5 plots the dimensionless distributions N(R, t)
and versus the non-(L t/t
L
)3/K
B
N
c
(R
c
, t)(L t/t
L
)3/K
Bdimensional radii and for the situation oft
L
R/L t t
L
R
c
/L t
pure case B. Notice that, at any time t, the distribution of
core sizes is much wider than the distribution of core plus
mantle sizes.
5.2. Surface Density for Case B
For case B, the rock surface density in the reconnec-&
rtion ring can be computed by requiring that the mathemati-
cal expression, with must beR2(t) \ L t/tL u2 u2\ 1.584,consistent with a physically achievable rate of growth given
by equation (38), i.e.,
&
r
B\ 4(2n)1@2aor L
Su2Y2B(u2))tL
, (63)
where is given by the case B analog of equation (37) :Y2B(u2)
Y2B(u2) \ 1 ]
2u2[E3(u2) [E3(3)]] u22[E4(u2)[E4(3)]
E2(u2) [E2(3)
.
(64)
For With the parameters,u2\ 1.584, Y2B(u2) \ 3.304.g cm~3, yr for L 4 1 cm, and S/o
r
\ 3 t
L
\ 20
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(2n)1@2a \ 8 ] 10~4, the surface density required to sustain
the mandated growth rate of is g cm~2. ThisR2 &rB\ 0.41value, constant in time, is only a factor of D4 lower than the
Ðducial number g cm~2, estimated by a completely&
r
\ 1.6
di†erent method that involves the ad hoc choice for the
leakage factor F\ 0.01, adopted by Lee et al. (1998) for
irradiation calculations. Both estimates would have con-
verged on a perfectly acceptable g cm~2 if we had&
r
D 0.8
adopted S/(2n)1@2a \ 4 ] 10~4 [e.g., the ““ minimal ÏÏ
S \ 4 ] 10~4 coupled with (2n)1@2a \ 1].
The case B expression (eq. [63]), where is theu2\ 1.584root of the transcendental equation (60), makes no reference
whatsoever to Apart from the dimensionless coef-FX
r
M0
D
.
Ðcient that reÑects the process of agglomer-a/Su2Y2B(u2)ative growth and maintenance of a nonzero level of velocity
dispersion, depends only on the relatively simple physics&
r
B
of plasma drag through the combination o
r
L /)t
L
.
What is the physical interpretation for this strange and
magical result ? If we assume that the mass leakage rate of
rocks into the reconnection ring is large enough toFX
r
M0
Dmaintain a population of largish protoCAIs immune to the
worst e†ects of plasma drag (otherwise, the existence of
particles with sizes between and would be called intoRsm R2question), then large Ñares act to sustain that population,
and that population only (with Ðxed total mass in&
r
A
quasiÈsteady state), because all small particles exceeding
this amount introduced to the mix are lost almost imme-
diately by plasma drag before they have had a chance to
acquire any mantle from the infrequent vapor-phase deposi-
tion by large Ñares.
The implicit assumption that the ratio of moderate vola-
tiles to refractories, Z, will remain constant (at its cosmic
value) in such a picture will remain valid only if the small
particulates always carry their cosmic proportions of these
materials into the proto-Sun, without intervening Ñare
vaporization of their mantles and redeposition onto some
larger body more adapted to survival under the harsh con-
ditions of the reconnection ring. This is not a bad assump-
tion since the estimate that protostars are in a Ñaring state
4% of the time, with each Ñare covering 1% of the area of
the reconnection ring, means that on average, small par-
ticles of D150 km radius go more than D100 days without
experiencing the e†ects of even a small Ñare, and their life-
time against plasma drag is D 100 days Thus, a compro-
mise between case A and case B might best represent the
actual situation. As an end result from 30 yr of evolution,
therefore, the Ðducial choice g cm~2Èor more gen-&
r
D 1
erally for other values of FD 0.01Èstill represents theM0
D
,
best guess currently available to us for this vital quantity.
5.3. Formation of Chondrules in the Transition Region
The variable volumes occupied by refractories and mod-
erate volatiles in di†erent protoCAIs (and protochondrules)
in case B (or in a mixed case of A and B) open the door to a
possible explanation for how CAIs and chondrules came to
be di†erentiated. Although the evidence is still preliminary,
the trend appears clearly to be that chondrules had lower
levels of 26Al/27Al than normal CAIs when they last solidi-
Ðed from rock melts (McKeegan et al. 2000). Paper II
will argue that this result implies that chondrules
were partially shielded from the full e†ects of protosolar
cosmic-ray irradiation by the presence of some gas. The
formation of chondrules in the presence of appreciable
gas may also help to explain the di†erences of their oxygen
isotope systematics with those of CAIs, which exchanged
atoms primarily with only the vapor of other (proto)CAIs
(see the discussion of this issue in Paper II). Finally, there is
simply more rock material present per unit area in the tran-
sition zone where protochondrules formed than in the
reconnection ring where protoCAIs formed. It might be
thought that spreading the heat input from Ñares among
more material per unit area would also have led to lower
peak temperatures experienced by chondrules than CAIs
(contrary to the available petrographical evidence ; see Con-
nolly & Love 1998), but there are, in fact, two competing
e†ects : (1) More material does indeed imply greater thermal
inertia, and this bu†ering of the heating e†ect of Ñares
works against this mechanism for the production of large
CAIs or chondrules. (2) More material (especially more
opaque solids) implies greater optical depth, and the trap-
ping of radiant heat losses from the Ñare-heated rocks
makes the interior of a thick layer of rock hotter than the
surface layers that can radiate directly into free space.
In the case when thermal bu†ering is not an obstacle,
when a Ñare of luminosity ergs s~1 strikes 1%L flareD 1031of the area of AD 1024 cm2, a surface layer of rocks (on
both faces of the disk) will acquire an equilibrium tem-
perature given by ergs cm~2 s~1, whichT
e
pT
e
4D 0.5 ] 109
yields K. Interior to the surface, the temperatureT
e
D 1700
T will be higher. From our Ðducial estimates for the surface
density g cm~2 and mean opacity (total cross-&
r
D 1
sectional area divided by total mass) i D 1 cm2 g~1 of the
reconnection ring, a typical line of sight vertically through
the layer of rocks is only marginally blocked by protoCAIs
(i.e., thus, the trapping of radiant heat by e†ect 2 isi&
r
D 1) ;
not e†ective. The repeated heating of rocks in the reconnec-
tion ring proper by Ñares to temperatures of 1700 K and
less then leads to the refractory core/moderately volatile
mantle structure of protoCAIs that we claimed in ° 2 results
from satisfying the condition T
rv
[ 0.
In contrast, Shu et al. (1994) crudely estimated that the
surface density of gas and dust in the X-region exceeds
3 ] 103 g cm~2, which gives the layer of matter there too
much thermal inertia to have its temperature raised much
by common Ñares. Only in the transition region between the
X-region and the reconnection ring does e†ect 2 come into
play without e†ect 1 being an obstacle. Only in this tran-
sition region, then, may the conditions be normally appro-
priate (i.e., for T [ 2000 K) for the production ofT
rv
\ 0
protochondrules where the rocky materials are transiently
but strongly heated enough to cause a dissolving of refrac-
tory cores in the mantles of moderate volatiles
(accompanied by some chemical and mineralogical
rearrangements).
The important considerations would be contained, in
principle, by a solution of the heat equation for a plane-
parallel stratiÐed layer :
ototT
Ls
Lt
] LFrad
Lz
\ q . (65)
In the above, q is the volumetric rate of deposition of energy
by cosmic rays, X-rays, and sunlight at a vertical position z
in the layer ; and T are, respectively, the space volumeototdensity and temperature of rock plus gas ; s is the speciÐc
entropy of the mixture (including the latent heats of melting
and vaporization if rocks get melted or vaporized) ; and Fradis the radiative heat Ñux. An integral over over z in theotot
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layer gives the sum of the surface densities of rock and gas,
&
r
] &
g
.
In the ““ radiation-conduction ÏÏ approximation, isFradgiven by
Frad\ [
c
3iotot
L
Lz
(aT 4) , (66)
where i is the mean opacity of the population of rocks in
the layer, c and a are the speed of light and the radiation
constant, respectively. In writing equations (65) and (66),
with a common T to describe both gas and solids, we con-
sider only that gas (i.e., not coronal gas) that is dense
enough for collisions to keep its atoms and molecules
closely coupled to the temperature of the ambient rocks,
whose own temperature is tightly coupled to that of the
ambient radiation Ðeld. Because of the great power of solids
to emit and absorb radiation, we have assumed in equation
(66) that rocks of temperature T provide the dominant
radiant-energy losses. To Ðnd the cosmic-ray contribution
to q as a function of z, we would have to solve a cosmic-ray
transport equation similar to that carried out in Paper II,
but now for a gas-rock layer, rather than inside a given ball
of rock.
In the X-region, the contribution of Ñares to the source
term q in equation (65) mostly goes toward overcoming the
thermal inertial term and solids cannot acquireototT Ls/Lt,transient melting temperatures, except possibly for a surface
layer of relatively small particles. In the reconnection ring
or the part of the transition layer where the column density
of rock plus gas does not exceed D5 ] 1024 atoms cm~2,
equation (65) is satisÐed, even during Ñares, by a quasi-
steady near-balance of gains and losses, whose integration
yields
Frad(z)\
P
0
z
q(z@)dz@ 4Q(z) , (67)
where we have assumed, for simplicity, that z\ 0 forms a
symmetry plane for the problem, so that the radiative Ñux
vanishes there ; Apart from a steady input fromFrad(0)\ 0.sunlight (see ° 5.4), the function Q(z) increases from zero at
z\ 0 to a value at the surface of the disk. TheL flare/2Asubstitution of equation (66) then shows that T increases
inward from the surface where to larger values nearT D T
ethe midplane z\ 0. A precise determination of the enhance-
ment of interior over surface (or e†ective) temperature
requires a detailed calculation of the associated radiative
transfer and cosmic-ray transport problems, a task that lies
beyond the scope of the present paper. However, rough
estimates that obtain modest increases of T during Ñares
from less than 1700 K to more than 2000 K are easily
achieved for simple models of the radiative and mechanical
structure of the transition region where chondrules are
likely to be formed.
5.4. Fate of ProtoCAIs and Protochondrules upon L aunch in
the X-W ind
The annular width of the reconnection ring D0.25R
x
D 2
] 1011 cm is much larger than any likely value of the half-
thickness of the rock layer there. Since protoCAIs nearly
block each line of sight through the ring vertically, they
must form an extremely optically thick sheet of rock in the
horizontal direction. In other words, in coming to radiative
equilibrium with the oblique rays of sunlight striking the
ring between protosolar Ñares, the protoCAIs achieve a
base temperature that is given to good approximationTbase(ignoring the nonzero albedo of the rocks) by equation (6)
of Shu et al. (1996) :
Tbase \
G L
*
4npR
*
2
C
arcsin
AR
*
R
x
B
[
AR
*
R
x
B
]
A
1 [ R*2
R
x
2
B1@2DH1@4
, (68)
where is the stellar luminosity (including the contribu-L
*tion of the funnel Ñow hot spot ; see Fig. 1) and p is the
Stefan-Boltzmann constant. The inner edge of the rockRinlayer would bear the direct brunt of the solar radiation and
come to the considerably higher temperature of Tin\Indeed, the radial location of this inner(L
*
/16npRin2 )1@4. Rinedge is determined so that corresponds to a temperatureTinD2200 K where the most refractory rocks evaporate at the
same rate at which they are condensing from the ambient
vapor.
When protoCAIs or protochondrules with are-[Rinlater lifted by an encroaching base of the X-wind into direct
sunlight, they acquire a peak temperature (independent of
Ñares) given by equation (11) of Shu et al. (1996) :
Tpeak\
A L
*
16npR
x
2]
1
2
T base4
B1@4
. (69)
If exceeds D1700 K (and stays near such values forTpeakdays ; Shu et al. 1996), the launched protoCAIs can lose
their moderately volatile mantles by evaporation. This will
be true if the advancing base of the X-wind has to move to
small values of to retrieve the protoCAIs, i.e., if theR
xprotoCAIs reside deep inside what was previously the
reconnection ring. Most CAIs originate by this route, and
most CAIs therefore retain memory of only this last stage of
thermal processingÈnamely, heating to temperatures of
order 1700 K for a period of a few days. In the most active
phases of disk accretion in the life of a protostar, the X-
region and the reconnection ring may be too hot to contain
solids. CAIs and chondrules are not produced in such
epochs. Later, the temperatures will moderate, and the pro-
cesses described in this paper and in Shu et al. (1997) can
proceed. Even later, when moves out too far or whenR
xlarge-Ñare activity subsides, the peak temperatures reached
are insufficient to melt any kind of rocks, and the system
again shuts down CAI and chondrule production. Our
work makes the fundamental assumption that an interme-
diate phase of preÈmain-sequence/protostar evolution of
the primitive solar system will always occur where the con-
ditions are appropriate for producing the full range of CAIs
and chondrules found in chondritic meteorites (Shu et al.
1996).
In order for ferromagnesian bodies not to vaporize com-
pletely during Ñight in the X-wind, they must be retrieved at
substantially greater distances from the proto-Sun than ref-
ractory inclusions, so that does not reach D1700 K forTpeakdays (see Shu et al. 1997 for numerical examples). This
requirement yields yet another reason for supposing that
protochondrules are generated in the transition zone rather
than the reconnection ring. However, the identiÐcation of
the reconnection ring and the transition zone as, respec-
tively, the main sites for the production of CAIs and chon-
drules is an obvious idealization made to simplify the
discussion. Fluctuations in the intensity of Ñares can lead to
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the formation of some protochondrules in the reconnection
ring, and, conversely, of some protoCAIs in the transition
zone. However, protochondrules launched from deep inside
the reconnection ring will be largely vaporized, so chondru-
les with canonical levels of 26Al/27Al\ 5 ] 10~5 should be
rare or absent in chondritic meteorites. Conversely, proto-
CAIs formed in the surface layers of the transition region
(where the temperature can be kept below 1700 K during
Ñares), will orbit on a timescale every few days to z locations
closer to the midplane. If they are caught there during a
normal Ñare, the radiatively trapped heat will convert them
to protochondrules. Statistically, some protoCAIs in the
transition zone can always be launched by the X-wind
before this conversion to protochondrules has a chance to
occur, so CAIs with chondrule mantles, as well as CAIs with
appreciably lower levels of 26Al/27Al than 5] 10~5, can
Ðnd their way onto the parent bodies of chondritic meteor-
ites.
Notice that in the picture developed above, we have
nowhere invoked the concept of large precursor
““ dustballs ÏÏ (cf. Shu et al. 1996), which have their own con-
ceptual difficulties (P. Goldreich 1996, private
communication). The important conclusion follows that the
formation of large solid bodies in either the reconnection
ring or the transition zone proceeds by similar coagulation
processes when protosolar Ñares melt or partially melt
ambient rock.
5.5. Retrieval Efficiency of Irradiated CAIs and Chondrules
It is very signiÐcant that most of the mass in the distribu-
tions exhibited in Figures 4 and 5 at the time t D 30 yr of
the next Ñushing of the reconnection ring resides in bodies a
fraction of a cm in size, because such bodies are exactly the
ones that can be Ñung to planetary distances by the X-wind
(Shu et al. 1996, 1997). Conversely, the size-sorting for
compact rocks of such dimensions implies that Ñare inten-
sities need not be ““ Ðne-tuned ÏÏ to produce CAIs and chon-
drules. In our picture, agglomerative growth to millimeter
and centimeter sizes requires rock melts ; thus only those
(parts of) Ñares that produce such melts are included in our
estimate for the sticking probability S. More common
smaller Ñares that heat solids without melting them contrib-
ute to the cosmic-ray bombardment (Paper II), but they do
not a†ect the particulate size distribution. Rarer larger
Ñares that are totally or partially evaporative can modify
the relative sizes of cores and mantles (case B), and they can
also redistribute existing or previously synthesized radioiso-
topes, but they do not change the fundamental conclusion
that agglomerative growth to millimeter and centimeter
sizes is the expected outcome for solid bodies Ñushed from
the protoCAI and protochondrule processing zones on a
timescale of every few decades.
This conclusion implies that the retrieval efficiency
of irradiated rocks must approach the versusfB 13mass ratios that characterize the X-wind(1[ f )B 23versus funnel-Ñow gas fractions. The total mass of rock
processed through the reconnection ring is M
r
\
where MyrFX
r
/0t_ M0 D(t)dt \ [FXr/(1[ f )]0 M_, t_\ 1È3is the total time needed to build up the sun to a mass
g at a (variable) rate WithM
_
\ 2 ] 1033 (1[ f )M0
D
(t).
F\ 0.01, we get1 [ f\ 23, Xr \ 4 ] 10~3, Mr \ 20 M^.If a fraction of this material is retrieved by thef\ 13X-wind, 7 of rock irradiated to a level 26Al/M
^27Al\ 5 ] 10~5 (for protoCAIs ; for protochondrules, it
may be somewhat less [see Paper II]) is recycled to the
primitive solar nebula. This amount of short-lived radioac-
tivity is more than enough to melt the rock and ice of all the
planets in the solar system, if the irradiated CAIs and chon-
drules can be incorporated into parent bodies larger than
D30 km before the 26Al has had much chance to decay
(Sanders 1996).
What is the fate of the rock that is swept up directly into
the X-wind without ever having entered the reconnection
ring? Not having carried out a detailed analysis of the
behavior of solids in the X-region, we cannot answer this
question with any degree of certainty. However, we can
venture a speculation. Given the large amount of gas shield-
ing that occurs in the X-region, the ability to produce large
bodies from rock melts is severely limited. Very strong Ñares
do occasionally strike the X-region, and these vaporizing
events may be followed by the formation of small particu-
lates as described in ° 3.2. However, the more common
weaker Ñares, that would melt or partially melt rock in the
reconnection ring or the transition zone, are unable to over-
come the thermal bu†er of the large amount of gas present
in the X-region. Since any solids in the X-region are also
likely to be free of any coatings of frost or sticky organics,
the small particulates created by the action of the strong
events probably cannot coagulate to become millimeter- or
centimeter-sized balls of rock. Conventional CAIs and
chondrules will then not be produced when this dust is
launched in the X-wind, although small CAIs of the size
range found in micrometeorites might still originate in the
X-region. Such bits and pieces of igneous rock should show
very little in the way of irradiation-produced short-lived
radioncuclides.
We believe that the relatively rare small CAIs of D50 km
size (and even rarer small chondrules) found in the Antarc-
tic micrometeorites (Greshake et al. 1996) may have entered
the nebular disk as small bodies Ñung out by the X-wind at
hyperbolic speeds, but at such low inclinations with respect
to the equatorial plane that they intersected the Ñared solar
nebula before they could escape to interstellar space (see
Shang et al. 2000). Micrometeorites represent the most
abundant interplanetary matter sampled by Earth at 1 AU
(Love & Brownlee 1993). The material that makes micro-
meteorites see (see Engrand & Maurette 1998 for a review)
may be the most common form of matter in the solar system
at all epochs (Gounelle, Zolensky, & Maurette 2001, in
preparation). Consequently, their refractory inclusions may
well have an origin during the embedded phase of YSO
evolution, when the disk accretion and therefore the X-wind
processed a large amount of rocky material.
Thus, the small CAIs found in micrometeorites might
have two contributions : an irradiated fraction that comes
from the reconnection ring and an unirradiated fraction
that comes directly from the X-region. When the 26Al/27Al
is measured for such objects, it will be extremely interesting
to see whether the histogram of their values for this ratio
exhibits a ““ bimodal distribution,ÏÏ with a peak at zero and
another at the canonical value, 5] 10~5, with the peak at
zero now being the more prominent.
6. SUMMARY AND DISCUSSION
In this paper we have elaborated on how the X-wind
model provides a natural environment for thermally pro-
cessing and presorting the rocks destined to become the
CAIs and chondrules of chondritic meteorites (Shu et al.
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1996, 1997). The accompanying Paper II (Gounelle et al.
2000) shows how our results allow a Ðrst-principles under-
standing of the short-lived radioactivities present in CAIs at
the time of their origin, without invoking the concept of a
supernova-trigger for the birth of the solar system.
Acceptance of the X-wind model, or some variant of it,
may also solve another conundrum that divides meteor-
iticists and the star formation community. Meteoriticists
traditionally think of the solar nebula as having started very
hot, in a vapor phase, and then gradually cooling to con-
dense out the solids that formed the raw material for the
agglomeration of the (inner) planets of the solar system (see
Wasson 1985 ; Taylor 1992). In contrast, astronomers think
of nebular disks surrounding young stars as being relatively
cool, as indicated by their infrared, submillimeter, and
millimeter-wave emission (see the reviews of Sargent &
Welch 1993 and Beckwith 1999).
Meteoriticists arrived at their view by the powerful obser-
vation that isotopic abundances of many elements are, on
the whole, amazingly uniform for many diverse rocky
bodies in the solar system. Given the likely variations that
would be produced by di†erent stellar nucleosynthetic sites,
this uniformity is most easily explained if the heterogeneous
assemblage of interstellar grains that fell into the solar
nebula were homogenized during some hot phase of the
disk when all the primitive rock material were completely
vaporized.
Two developments in meteoritics have called the hot
nebula hypothesis into question : (1) the discovery of
oxygen-isotope anomalies, which strongly suggest that
there were two di†erent reservoirs of oxygen in the early
solar system, most naturally identiÐed with the rock and gas
phases, that did not completely mix (Clayton 1993) ; and (2)
the Ðnding of presolar grains in the matrix material of
carbonaceous chondrites that exhibit the wild isotopic
anomalies that are expected for cool solar-nebula models
(Anders, & Zinner 1993). Nevertheless, the original argu-
ment that the solar nebula started o† hot, gaseous, and
well-mixed is so deeply ingrained in the conventional mind-
set that remnants of this idea creep into almost all dis-
cussions of what meteorites tell us about the early
conditions of the solar system.
It is our contention that strong mixing did indeed occur
in heated gas-solid exchanges that took place near the
proto-Sun where CAIs and chondrules were made. At the
same time, the circumstellar disk remained relatively cool at
planetary distances, where interstellar grains survived their
infall into the disk and were able to retain evidence of their
heterogeneous astrophysical origins. This duality resolves
the conundrum posed by the existence of two kinds of rocks
in chondritic meteorites : igneous crystalline components
(CAIs and chondrules), which obviously su†ered intense
thermal processing (and, as we now believe, cosmic-ray
irradiation) and an amorphous, hydrated, component
(pristine matrix), which just as obviously never experienced
temperatures much higher than a few hundred K. The
physical addition of the hot rock components into a
reservoir of cool rock components results from the action of
the X-wind. The prospects for developing quantitative
models for what happened to primitive rocks, chemically
and physically, during the Ðrst million years of the solar
systemÏs existence will improve tremendously if the ideas
presented along the current lines of investigation are vali-
dated by further research.
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Origins of Solar Systems Program. We thank Kevin McK-
eegan and Ernst Rehm for useful conversations, and we
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improvement of the presentation of this paper.
APPENDIX A
SOLUTION OF THE COAGULATION EQUATION WITH PLASMA DRAG
A1. ASYMPTOTIC SOLUTION OF THE COAGULATION EQUATION
If protoCAIs have typical diameters of D1 cm, then a surface density of g cm~2 implies that every vertical line of&
r
D 1.6
sight through the ring intercepts, on average, one protoCAI. But a protoCAI orbiting the sun with some random velocity w
on top of its circular speed )- will cross the midplane twice per orbit. (The orbital dynamics is not explicitly part of our
model of coagulation in a box.) Thus, it will typically collide with other protoCAIs several times each orbit. The inverse
collision frequency of protoCAIs (which can be explicitly included in the model) is therefore comparable to )~1 D1 day,lcoll~1which is much shorter than the plasma-drag drift time D10 yr characteristic of such particles (see eq. [12]). This disparity in
fundamental timescales implies that we can attack equation (21) by the singular-perturbation method of two-timing (see, e.g.,
Bender & Orszag 1978).
We begin by introducing the quantity where Y is a dimensionless collisional yield to be deÐned later. Wee~14 o Y o S)t
L
,
assume that the sticking probability S is numerically large enough to make e~1 a large parameter (or e a small parameter). In
what follows, we shall show that o Y o D10, whereas S [ 4 ] 10~4 ; thus, e~1 is at least 30. With such a value for e~1, the
asymptotic results that we shall derive analytically below should give good quantitative representations of solutions that must
otherwise be obtained by careful numerical integration of the sti† integrodi†erential equation (21).
In any case, we begin by scaling the drift time *t(M) in equation (21),
*q(M) 4 e *t(M) , (A1)
so that *q(M) becomes more nearly comparable in magnitude to the collisional agglomeration time. To treat the reaction of
n(M, t) to the disparate magnitudes of all its inÑuences, we suppose it to be a function of two time variables :
n(M, t)\ n(M, t0, t1) , where t0\ t and t1\ et . (A2)
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Events which occur on the (short) coagulation timescale are to be described with those on the (long) plasma drag timescalet0 ;by For example, the rate of introducing the smallest particles is important only on the long timescalet1. !d(M [ M1)(decades) not on the short timescale (months) ; i.e., we may regard ! as intrinsically order e :
!4 ec . (A3)
The mathematical trick to two-timing is to treat and as if they were independent variables so thatt0 t1
Ln
Lt
\ Ln
Lt0
Lt0
Lt
] Ln
Lt1
Lt1
Lt
\ Ln
Lt0
] e Ln
Lt1
. (A4)
The substitution of equations (A1) and (A4) into equation (21) now yields for the terms proportional to e0 and e, respectively,ALn
Lt0
B
M,t1
\P[D , (A5)
A Ln
Lt1
B
M,t0
\ [ n
*q(M)
] cd(M [ M1) . (A6)
To solve the problem of pure coagulation after injection (at the smallest masses) posed by equation (A5), we assume that
n(M, will always approach a self-similar (power-law) form:t0, t1)
n(M, t0, t1) \ k(t0, t1)M~b (A7)
for masses well within either extreme : Assuming this form with w taken to be independent of M, we mayM1>M > M2.write equation (A5) as
M~b
ALk
Lt0
B
t1
\ k2M~2b`5@3CSYw , (A8)
where we have deÐned the constant C as
C4 n
A4no
r
3
B~2@3
, (A9)
and Y as the net dimensionless yield (apart from the sticking factor S) at mass M from collisional agglomeration :
Y 4
P
x1
1@2
(1[ x)~bx~b[(1[ x)1@3 ] x1@3]2 dx [
P
x1
x2~1`x1
x~b(1] x1@3)2 dx , (A10)
with x 4 m/M. Notice that we have used the symmetry of the integrand for and to replace the upper limit of thex \ 12 x [ 12Ðrst integral by and to remove the multiplicative factor of The program MATHEMATICA demonstrates that the12 12.integrals in equation (A10) can be evaluated as a long sum of elementary and hypergeometric functions, expressions that are
too complex to reproduce here, but which are useful for the numerical computations described below.
For b \ 5/3 (see below), the two integrals in equation (A10) are separately singular, but well behaved jointly, if we take the
limit For the same b, the second integral depends on its upper limitx1\ M1/M ] 0. x2[ 1 ] x1\ M2/M [ 1] M1/M ? 1(in the range approximately as [corresponding to a logarithmic distribution of cross-sectional areas inM1> M >M2) ln (x2)
N(R, t)P R~3 ; see eq. (33)]. Since a logarithmic term is slowly varying in physical applications, we temporarily replace Y by
the following (negative) constant (see also ° 4.3) :
Y \
P
0
1@2
x~bM(1[ x)~b[(1[ x)1@3] x1@3]2[ (1] x1@3)2N dx [
P
1@2
x21
x~b(1] x1@3)2 dx , (A11)
where we deÐne Figure 6a shows this Y as a function of for a variety of values ofx21 \ (x2/x1)1@2\ (M2/M1)1@2. x21when b \ 5/3. In this semilog plot Y is negative for large ratios of with typical (and slowly changing) values of(M2/M1)1@2 x21,about [10 when and larger, i.e., when (e.g., km and cm), as suggested earlier.x21D 103 R2/R1D 102 R1 D 100 R2D 1The continued collisional build-up of larger and larger particles would then result in the self-similar distribution (A7) where
the only possibility for temporal change is in the dependence of In order for to be independent of M (ont0 k(t0, t1). k(t0, t1)timescales where we can ignore the dependence on with w independent of M, equation (A8) requires [b \ [2b ] 5/3, i.e.,t1)b \ 5/3, as we assumed in obtaining the approximation Y B constant for given For b \ 5/3, Figure 6b compares Y ,M2/M1.calculated from its deÐning equation (A10), with the approximate constant given by (A11) when The plots arex21 \ 103.linear in Y and logarithmic in with and for kk 4 M/M21, x1\ (M1/M21)k~1 \x21~1 k~1 x2\ (M2/M21)k~1 \x21 k~1,lying between and As we can see from the semilog plots in Figure 6b,k \ x21~1\ 10~3 (M \M1) k \ x21 \ 10`3 (M \M2).the replacement of equation (A10) by equation (A11) is accurate in the mid-range (corresponding tox21~1> k > x21 M1>but it is not a good approximation when k approaches either extreme. Nevertheless, Y , as given exactly byM >M2),equation (A10), departs relatively little from the approximate value (A11) when the mass M varies by 6 orders of magnitude in
ranging from toM1 M2.
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FIG. 6a FIG. 6b
FIG. 6.È(a) Variation of Y deÐned by eq. (A11) as a function of the ratio where and are, respectively, the largest and thex214 (M2/M1)1@2, M2 M1smallest masses in the distribution of protoCAIs. (b) Comparison of the exact function Y (solid curve) as deÐned by eq. (A10) and the approximate function
(horizontal dotted line) as deÐned by eq. (A11) for the case The comparison is made on a semilog plot for variations of the mass ratiox212 4M2/M1\ 106.where is the geometric mean of the extreme masses in the distribution. Thus, k \ 1 corresponds to the geometric meank 4M/M21, M21 \ (M2M1)1@2in the distribution ; k \ 10~3, to the smallest particle and k \ 10`3, to the largest particle For k not too close to the ends ofM \M21 M \M1 ; M \M2.the distribution, the two Y Ïs have similar numerical values.
With b \ 5/3, equation (A8) becomes ALk
Lt0
B
t1
\ CSYwk2 . (A12)
With C, S, Y , and w treated as constants, this equation can be integrated to yield
k(t0, t1) \
k0(t1)
1 ] CS o Y o k0(t1)wt0
, (A13)
where we have written [Y as o Y o and is an integration ““ constant ÏÏ (the value of k at that can depend arbitrarilyk0(t1) t0\ 0)on because enters as a parameter in equation (A12) and not as a variable. Equation (A13) shows that the coefficient kt1 t1decreases monotonically with increasing This occurs because collisional agglomeration continually shifts objects to highert0.masses, and therefore the distribution (A7) at each Ðxed mass M must decline in time.
The substitution of equation (A7) into equation (A6) produces a relationship from which we can derive the dependence of k
on the long time variable t1 : ALk
Lt1
B
M,t0
\ [ k
*q(M)
, (A14)
for With now treated as a parameter and not a variable, equation (A14) has the simple solution,M DM1. t0
k(t0, t1)\ k(t0, 0)e~t1@*q(M)\
k0(0)
1 ] CS o Y o k0(0)wt0
e~t1@*q(M) , (A15)
where in the second equality we have substituted the solution (A13) at and is now truly a constant.t1\ 0 k0(0)Collecting expressions, with and we may now record the scaled solution of the coagulationt0\ t t1/*q(M)\ t/*t(M),equation (A7) as
n(M, t)\ k0
1 ] CS o Y o k0wt
M~5@3e~t@*t(M) , (A16)
where we have written as the constant (the value of k at t \ 0) without fear of further confusion.k0(0) k0
A2. RENORMALIZATION OF SIZE DISTRIBUTION
The solution (A16) shows that plasma drag lowers the pure power law distribution P M~5@3, expected from simple
injection and coagulation, by the exponential factor e~t@*t(M). Because *t(M) P M1@3, the net result is an e†ective cuto† of the
mass distribution at small masses, with the ““ knee ÏÏ of the distribution in a log n versus log M plot moving to larger masses as
time proceeds (since the last Ñushing of the reconnection ring). The knee occurs at a mass when *t(M) B t. For t D 10 yr, the
mass (and radius) distribution begins to depart from a pure power-law form when the diameter of the protoCAI D 1 cm
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(eq. [12]), a suggestive value from an observational point of view. This conclusion is independent of the uncertain value of the
sticking coefficient S, as long as it is large enough to guarantee the growth of enough particles beyond 1 cm that deÐne the
M~5@3 part of the distribution.
Considered on the long timescale, the distribution has, for all practical purposes, far fewer particles than in the initial state,
and we may take the limit in equation (A16) :k0 ] O
n(M, t) \ 1
CS o Y owt
M~5@3e~t@*t(M) . (A17)
The distribution of radii, N(R, t)dR, is obtained as N(R, t) where and is thedR\ (2H
r
A)n(M, t)dM M\ 4no
r
R3/3 2H
r
A
e†ective volume of the reconnection ring. For the sake of a deÐnite convention, we deÐne as the total number/
R1
R2 N(R, t) dR
of protoCAIs in the reconnection ring. Thus, N(R, t) can easily be shown to be given by equation (33), where K(t) is given by
K(t) \ 3(2n)1@2aA
nS o Y o)t
, (A18)
and we have used 2H
r
\ (2n)1@2aw/).
When we integrate the distribution N(R, t) in equation (33) over all masses we must recover the totalM \ 4no
r
R3/3,
instantaneous rock mass in the reconnection ring, &
r
A :
4n
3
o
r
K(t)
P
R1
R2
e~Lt@tLR dR\ &
r
A . (A19)
For cm, the quantity will be ?1 for t ? a few months. The contribution from the lower limit inR1D 10~2 u14 L t/tLR1equation (A19) is then exponentially small, and we may set e†ectively equal to zeroR1 (u1] O).Introducing the transformation we may now write equation (A19) asu 4 L t/t
L
R,
&
r
\
C4(2n)1@2ao
r
L
S o Y o)t
L
D
E2(u2) , (A20)
where
u24
L t
t
L
R2
, (A21)
and is the integral function :E
p
(U)
E
p
(U) 4
P
U
=
e~u du
up
, (A22)
with the recursion relations,
E
p`1(U)\
e~U
pUp
[ 1
p
E
p
(U) \ e~U
C1
p
U~p[ 1
p(p [ 1) U~(p~1)] É É É
D
, (A23)
useful for small U ; and
E
p
(U)\ e~U[U~p[ pU~(p`1)] É É É ] , (A24)
useful for large U. Our is related to the exponential integral deÐned by Abramowitz & Stegun (1965) :E
p
(U) E
p
(U) E
p
(U)\
For reference we note that behaves as [ ln U for small U and as U~1e~U for large U.U~(p~1)E
p
(U). E1(U)\ E1(U)At Ðrst sight, equation (A20) appears to determine the rock surface density if we know the dimensionless inverse size of the
largest protoCAI, But this interpretation clearly is incorrect since the time evolution of has its own equationu2\ L t/tLR2. &r(eq. [28]) to satisfy. We choose instead to regard equation (A20) as a renormalization condition for o Y o . The term o Y o , as
deÐned by equation (A11), is logarithmically divergent in the limiting procedure that we wish to takex21 \ (M2/M1)1@2 ] Ohere. The difficulty was created artiÐcially by constructing this o Y o with the pure power-law n P M~5@3 extended even to very
low masses, when the more realistic representation (A17) exhibits an exponential cuto†. Thus, we choose to regard equation
(A20) as deÐning a renormalized o Y o so that it leads to the correct surface density With this interpretation for o Y o , K in&
r
.
equation (A18) is given by equation (34).
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